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ABSTRACT
Two kinds of sludge, namely activated sludge collected
from the Chinese University of Hong Kong and digested
sludge from the pilot sewage treatment plant at Shek
Wu Hui were subjected to various extraction methods.
'Autoclaving' combined with extreme pH (2 and 12) extracted
the maximum nutrient and metal contents. Extracts obtained
by this method supported the minimum growth of Chlorella
pyrenoidosa and Chlamydomonas reinhardii. The algal cells
grown in these extracts also had a significantly higher
metal content when compared with the control. Extracts
obtained by 'shaking' and 'homogenizing' at pH 4.5 and 7
were excellent media for algal growth. Algal cells
harvested from these media had very high protein and
carbohydrate contents. Their metal uptake was less than
the cells grown in 'autoclaving media'.
The Chlorella and Chlarydomonas cells cultivated
in media obtained by 'shaking' and 'homogenizing' at pH
4.5 and 7 were successfully used as major diet in the
rearing of shrimps and carps. Shrimps fed with waste-
grown algal suspensions had a lower protein content than
the control but they still supported the normal growth
of carps. A higher protein content and growth rate of
carps were observed.
The high metal contents presented in the sludge
extracts were accumulated by the algal cells and the
metal contents of the media were reduced after the algal
culture. Algae could be therefore used as a purifying
agent. The excess metals accumulated in. the algal cells
did not show any toxic effects on the shrimps and carps.
Accumulation of certain metals like Na,. Ca, Mn and Zn
in shrimps fed with algae were observed. However, some of
the excess metals (K, Fe and Cu) were eliminated during
the growth and the final concentration were similar
to the initial values. The carps fed with waste-grown algae
directly or indirectly also had higher metal contents
than the control. The intermediate trophic organisms
(shrimps) could concentrate certain metals such as Fe con-
tent. The carps fed with algae indirectly (through shrimps)
also had higher Fe content than those fed directly with
algae. On the other hand, shrimps could also eliminate
excess metals such as Mg and Zn and the carps fed with
shrimps had lower Mg and Zn contents. The routes of
metal transferance in the aquatic food chains were depended
on the types of metal species being studied.
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Due to the ever increasing population, industrial=
izati on and urbanization, there is at the same time, a
large proportion of wastes produce{ in Hong Kong. For
many years, virtually all the domestic sewage, industrial
effluents and agricultural wastes have been discharged
into the streams, rivers and oceans in the vicinities
of the resettlements, farms and industrial areas. These
wastes, usually untreated, cause a serious contamination.
in the surrounding waters near Wah Fu Estate, Lai Chi
Kok, Hau Hoi Wan (Deep Bay), River Indus, Shatin Ho
(Tide Cove), Sing Mun River, etc. Recently, the disposal
problem of wastes has become more intensified and Hong
.Kong government has recognized the need to prevent
further deterioration of beaches and local waters,
.particularly in the new established town such as Sha-
tin where the population is expected to grow from the
30,000 in 1971 to about 500,000 over the relatively
short period of ten years (Anon, 1977). As a conse-
quence, the pilot sewage treatment plant at Shek Wu Hui
has established in order to compare three types of
2
biological treatments viable in Hong Kong: activated
sludge treatment, biological filtration and oxidation
pond.
The wastewaters are treated either by aerobic act-
ivation or anaerobic digestion in order to inhibit the
detrimental effect of sewage to the environment. It has
been pointed out that one of the primary aims of waste-
water treatment is the removal of suspended solids
(Cheremisinoff and Morresi, 1976). During the treatment
processes, additional solids are generated by the various
biological and chemical processes used to reduce water
contamination. These concentrated suspended solids
found in wastewaters are commonly described by the terms
'sludge' (Cheremisinoff and Morresi, 1976). Therefore,
sewage sludge is a liquid-solid mixture containing
contaminants removed from wastewater by physical, bio-
logical and chemical treatments at sewage treatment
plants (Dean and Smith, 1973 Peterson et al., 1973).
The sewage waste always contains a high level of heavy
Metals and nutrient substances. Its concnentrated
residue, sludge, also has a high content of these poll-
utants and nutrients, depend on the wastewater sources
and the method of wastewater treatment. With the increase
knowledge on sewage treatment processes, the treated
3
effluents will have a high water quality but generate
enormous quantities of sewage sludge. Its disposal
gives another major concern. As the wastewater pro-
blem is being resolved, adverse environmental problems
-ks being created by sludge disposal problem (Dick, 1974
Cheremisinoff and Morresi, 1976).
On the other hand, the world is alarmed by the pop-
ulation explosion and food crisis. As predicted, the
increase in world population.at a rate of 2.6% per annum,
equivalent to an increase from the present 4.4 billion
to 7 billion in 1990. Also.Itaken.1account in, additional
demand through increase iidividual consumption which is
predicted to rise by 26% in developed countries and 82%
in the third world (Taylor and Senior, 1978). Therefore,
it is obvious that the world will soon be unable to feed
the population. At the present time, food crisis is a
problem in the developing countries of Asia, Africa and
South America. However, predictions show that the more
advanced nations will eventually facie the same situation.
Therefore, the development of novel food production
process is becoming imperative (Han et al., 1971).
There is little doubt that it would be technically
possible to grow high protein crops in many of the cur-
rently uncultivated parts of the world. However, the
4cost of land development and maintenance, fertilizers,
irrigation, transport, etc., would be in the great major-
ity of cases raise the price of the product to totally
uneconomic levels. Those high priced protein contributes
little to the solution of the world protein problem
particularly as it is the very-low-income people who
are in greatest need of the protein. The key to the
problem, then, is to find highly efficient and low cost
methods of production (MacLennan, 1976). It has been
shown that even with improved agricultural practices,
land reclamation schemes, the use of better fertilizers
and pesticides, and the wider application of plant genetics
there is little evidence to date df any substantial im-
provement in the protein production situation (Gordon,
1970). Thus nowadays much interest is being shown in
examining the feasibility of protein production from
unconventional sources such as bacteria, yeasts, fungi
and unicellular algae which are commonly called as
single cell proteins.
Over the past twenty years, a considerable amount of
research has been undertaken in examining the potential
of unicellular algae, particularly members of the
Chlorophyceae (green algae) and Cyanophyceae (blue-
green algae), as producers of edible protein (Gordon, 1970).
5It has been found that unicellular algae have a particular
advantage over other microorganisms because of their
inherent photosynthetic capability. Algae can be grown
under controlled conditions to catch all the sunlight
falling on an area and to use it far more efficiently
than ordinary crops. A single-celled alga has relatively
little purely structural material: most of its substance
can be converted into food (Milner, 1953). The most
promising algae found so far is the genus Chlorella.
It is the fastest growing unicellular green algae. It
can grow with the same vigor over a wide range of environ-
mental conditions which make it suitable for large scale
mass culture (Tamiya, 1957). Chlorella is also rich in
vitamins, seems to have all the essential amino acids
and contain fats not very different from those in common
use (Milner, 1953). Chlorella protein compares very
favorably with other plant proteins in feeding experi-
ments on rats-and chicks. It has been found that algae
may have value as a food supplement for populations
where dietary protein is limited because of their rel-
atively high protein content (Powell et al., 1961).
Algae can be used as a supplementary feed to broilers.
Experimental results showed that algae could replace 25%
of the soymeal protein with no problem (Shelef et al.,
1978). Feeding tests on-fish growth, particularly carp,
6have shown that the algae can replace at least 80% of
the fishmeal in carp rations, and probably all of it,
with no significant effect on fish performance. Meske
(1978) also showed that if replace about one third of
normal fishmeal with algae powder,the growth rate of
carp was similar to those fed on normal commerical fish-
food. It has been shown that small (less than 10 cm)
chanrol catfish fingerlings (Ictalurus punctatus Rafun-
esque), gained as much weight in a 10 week period on an
diet of 25-75% algae-commerical feed as did control an-
imals fed 100% commerical feed (Reed et al., 1974).
Besi e -,atea supplementary feed for fish, algae can also
be used in the diet of many crustaceans such as rotifer,
Brachionus plicatilis (Scott and Baynes, 1978 Hirayama
at al., 1979) and Brine shrimp, Artemia salina (Sick,
1976) which have been used extensively as a live food
for rearing fish. These results suggested the potential
uses of.cultural green algae as sources of protein, fat
and vitamins, or as primary producers for organic syn-
theses.. The digestibility of the dried algal protein
was found to be 60% as compared with 80% for milk prot-
eins (Tamiya, 1957). However, the digestibility, nut-
ritive value, chemical composition and properties of
algal cells varied in a great range, depend on the
cultural condition to which the cells are exposed
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(Spoehr and Milner, 1949 Ludwig-et al., 1951 Milner,
1953 Taub and Dollar, 1965).
One of the major factor governs the growth-rates
and productivity of algae is the nutrient content in
the culture. The production costs of algal growth
depend' very much on the kind of substrate being used.
Easily available raw materials with optimum nutrient
contents can be regarded as the cheapest way to produce
the high quality algal product as well as solving the
economic problem in cultivating algae. Wastes such as
sewage effluent} contains a large number of complex and
potentially useful organic molecules and can be used as
the substrate for the growth of single-celled algae (Lud-
wig et al,-, 1951 Ludwig and Oswald, 1952 Tamiya, 1957
Gordon, 1970 Dunstan and Menzel, 1971 Coldrick, 1975
etc.). The feasibility of cultivating algae with aqueous
extracts of sludge was examined. Chlorella cultivated
in sludge-extracts achieved higher rates of growth than
when grown on standard (Kuhl) media for vigorous algae
cultivation (Wong, 1977 Wong and Ho, 1977 Wong et al.,
1977). Moreover, Yip and Wong (1978) also compared
the. growth of Chlorella in sewage effluent and sewage
sludge and discovered that the growth rates, chlorophyll
contents, protein contents and dry weight of Chlorella
8
cultivated in the effluents, 2'% sludge-extract and the
enriched medium, Bristol's medium were similar. These
experiments revealed that sewage effluents as well. as
sludge can be used for ' cultivating single-celled algae.
Therefore, sludge is a very effective and nutritive
cultural medium for production of single.-.celled algal
proteins. The algal product can be used for both
pollution control and protein production by direct
recycling the nutrients in wastes into the biomass of
algae. The algae are also readily removed as feeding
materials by zooplanktons, crustaceans or even fish in
aquatic ecosystem. As a consequence, the utilization
of sludge for cultivating single-celled algae can solve
the two most important problems facing the world which
are provision of an adequate diet for the rapidly increas-
ing population and environmental pollution problem.
An important factor limiting the utilization of
sludge for growing algae is the rather high level of
heavy metals in aqueous extracts. 'The high removal
rate of heavy metals by primary and secondary waste-
water treatment (as much as 50-60%) resulted in elevated
levels of heavy metals in sludge (Hayes and Theis, 1978).
Such high heavy metal contents may limit the possible
uses of sludge in various ways particular for algal
9
culture. It has been found that algae are very sensitive
to heavy metal contamination, even very low concentration
of metals will cause serious damage in algal cells, mainly
as a results of their ability to denature protein molecules
(Gadd and Griffiths, 1978). t has also been found that
fifty per cent reduction in the tdtal algal cell volume
of Chlorella occurred in the presence of either 50 mg/l
manganese, 70 p-g/1 copper or 700 pg/l lead (Christensen
and Scherfig, 1979). The photosynthetic rate, cell
division and biomass productivity in the algal culture
particularly green and blue-green algae, was significantly
inhibited by low concentration of copper (Kanazawa and
Kanazawa, 1969 Thomas et al., 1977 Kallqvist and
Meadows,1978). Besides copper, zinc and cadmium were
also acutely and toxic to carbon uptake by phytoplankton
(Rabe et al., 1973). Chlorella culture l in solutions
contain 1 mM ZnCl2 or 1 1,AM HgC12 will exhibit symptoms
of metal toxicity, characterized by a sharp reduction
in the pigment content, in the rates of cell division
and metabolic activity (DeFilippis and Pallaghy, 1976),
in the reduction of CO2 fixation (Malanchuk and Gruend-
ling, 1973), and even changes in morphology or colony
formation in the algal culture (Monohan, 1976). All
these results indicated that metals such as copper,
iron, lead, zinc, cadmium and etc. have serious effects
10
on the growth and composition of-algal cells. The effects
of heavy metals on algae may be greatly related to the
amount of the metals taken up into the cells. Significant
correlation coefficients were found between the trace
metal concentration in the algal cells and the amount
of metals in their surrounding waters (Butterworth et a' ..,
1972 Bradfield et al., 1976 Trollope and Evans, 1976
Seeliger and Edwards, 1977 Wong et al., 1979). On
the other hand, the toxicity of metal depends very much
upon the various chemical forms of the metals. For
instance, heavy metals in the precipitated form are
of-little consequence to biological systems in terms
of toxicity (Hayes and Theis, 1978). The amount of
metals and nutrients recovered in the sludge-extracts
depended very much on the extraction method and the
extraction times. It was assumed that wastewater sludge,
like soil, 'retains metals through cation exchange, adsor-
ption, chelating and precipitation (Stover et al., 1976).
When measuring the level of heavy metals in soil or
sludge, a number of reagents. including acids, bases,
salts and complexing agents, may be used in extracting
metals. It was found that as the solubility of heavy
metals depended very much on the acidity of the extract-
ants, variation in pH may cause different amount of metals
dissolved in the extracts. It has also been shown that
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the stability of the heavy metals usually is pH dependent,
being lower at lower pH values (Randhawa and Broadbent,
1965). Therefore, by varying the pH values in the
extractants, the amount of heavy metals in the extracts
can be controlled. Besides the effect of pH, the extract-
ion methods which may modify the structure of the sludge
during extraction will also cause variation in the metal
contents of the extracts. Extraction methods by auto-
claving, organically bound metal complex in sludge may
break down and so release more metals than other extract-
ion methods. As a consequence, the composition of
sludge extracts can be controlled by the extraction
methods and extracting.reagents.
Sometimes, the metal content in the culture or in
the surrounding waters may be too low to cause any
demonstrable harmful effect on the growing algae. How-
ever, the algae may have the capability to concentrate
such metals and the accumulated metals may pass to other
organisms through the food chain, becoming more concentrated
at each trophic level and cause a serious long-term
environmental hazard. Many studies of various metals
in the aquatic habitats have found that bioaccumulation
of metals occurred from algae to organisms in the upper
trophic levels. A food chain in an aquatic ecosystem is
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one of the most important transfer routes of trace
metals (Aoyama et al,, 1978). Experiments demontratated
by Patrick and Loutit (1976 and 1978) have shown. that
bacteria can concentrate Cr, Cu, Mn, Fe, Pb and Zn
from effluent water and these metals are then passed-
to higher organisms: tubificid worms and then fish and
resulted in a high tissue metal content in fish. Aquatic
food chain involves algae, crustaceae and fish is another
common experimental material being used to study the
bioaccumulation of pollutants. For instance, a short-
and long-term toxicity study with a-HCH (a-hexachloro-
cyclohexane) was carried out with Chlorella pyrenoidosa
(green algae), Daphnia magna (waterflea) , Lebistes
reticulatus (guppy) and Salmo gairdneri (rainbow trout)
(Canton et al., 1975) and with Dunaliella (algae),
Artemia (crustacean) and Lebistes (fish) (Canton et al.,
1.978) to study the accumulation behaviour of this per-
sistent chemicals. Amiarod and Foulquier (1978) evaluate
the cabal= 8. behaviour in freshwater ecosystem by using
a food chain involved Chlorella (green algae), Daphnia
(waterflea) and Cyprinus carpio L (carp). Although all
these researchihave shown that the concentration of
trace or heavy metals such as mercury, arsenic, etc.,
would be increased at each trophic levels in the food
13
chain, recent analyses of naturally occurring populations
have tended to cast doubt upon this paradigm. For ex-
ample it has been found that mercury was not passed up
the chain to the next trophic level (Parrish and Carr,
1976). The transference of metals through the food
chain is still a question whether bioaccumulation existi 1
or not will need further studies. In view of this, one
of the purposes of the present iivestigation is to find '
out whether metals in sludge extracts will transfer and
accumulate from algae to higher trophic organisms through
a freshwater food chain involving algae, shrimp and fish.
1.2 Aims of the present investigation
According to the serious environmental problems
associated with sludge disposal and the limitation of
food sources in the future, attempts of producing
single cell proteins from sludge are urgently needed.
Therefore, the main aim of the present work is to re-
cycle sludge into an unconventional protein material
through the cultivation of unicellular algae in sludge-
extracts and study the effect of these waste-grown algae
in rearing other aquatic organisms. Different extraction
methods are evaluatedin order to find out the best way
to recover maximum nutrients and minimum metal contents
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in the sludge extracts for algal growth. The waste-grown
algae are then used as a major feedstuff in the shrimp
and fish cultures for testing their nutritive values.
Heavy metal transferance through sludge extract, algae,
shrimp and fish is also observed. The outline of the
present investigation is listed as follows.
Firstly, the effect of different extraction methods
on the characteristics of sludge extracts is studied.
The purpose is to search for the best method to recover
the maximum nutrients and minimum metals from sludge.
Distilled water with different pH values are used as
the extracting reagent. Nutrient and metal contents
in the sewage sludge, bQth digested and activated sludge,
are extracted by these reagents under the conditions of
autoclaving, homogenizing and shaking. The properties
of sludge extracts are analyzed both by chemical methods
and bioassay techniques. Chlorella pyrenoidosa (26)
and Chlamydomonas reinhardii (4Y), the two most common
unicellular green algae are used as an, indicator for
assessing, the nutritive values of sludge extracts. The
extract with maximum algal growth -is selected as the
best culture medium for continuous algal production.
An attempt is also made to discover relationship between
the chemical composition of the waste-grown algae and
15
the properties of various extracts.
Secondly, the nutritive values of the above waste-
grown algae are analyzed by bioassay techniques. As
mention above, the unicellular green algae such as
Chlorella contain a very high percentage of protein,
lipid and vitamins and so can be used as supplementary
feed for humans, chicks, rats, cattle#, pigs, fish, crus-
taceans and mollusks, etc., the algal products are there-
fore used as major feedstuffs for shrimps (
and fish (common carp, Cyprinus carpio L.) growth. The
growth rate and composition of the shrimps and carps
fed with different waste-'grown algal products -are ana-
lyzed respectively.
Finally, the metal contents of shrimps and fish fed
with supplementary sludge extracts and algae are analyzed
to find whether metals are accumulated by organisms
through-the food chain or the higher organisms have




EFFECTS OF EXTRACTION METHODS ON THE
PROPERTIES OF VARIOUS SLUDGE EXTRACTS
2.1 Introduction
One of the major concern in recycling the nutrients
from sewage sludge is its high trace metal concentrations
which may create potential hazards to many organisms and
the food chain (Stover et al., 1976 Silviera and Sommers,
1977). The toxicity of these heavy metals depended on
many other factors, such as the various chemical forms
of the metals. Heavy metals in the precipitated form
are of little consequence to biological systems in terms
of toxicity (Hayes and Theis, 1978), only the soluble
and extractable metals which are immediately available
to the plants may influence the growth and metabolism
of plants. The amount of metals and nutrients recovered J
in the sludge extracts depend. c very much on the extract-
ion methods. The present study is aimed at comparing
the effect of different extraction methods and extractant
pH on the amount of metals and nutrients released from
two different kinds of sludge digested and activated
sludge. It is also attempted to find out the extracts
with maximum nutrients but minimum metal contents. Three
17
extraction methods include 'homogenizing', 'shaking'
and 'autoclaving' were used for extracting sludge.
Distilled water with four different pH 2, 4.5, 7 and
12 were used to extract the sludge. The chemical com-
position including both nutrient and metal contents of
all extracts were analyzed individually. Comparisons
are made to study the efficiency of different extraction
methods and extractant pH in extracting the nutrients
and metals from sludge.
2.2 Literature review
A literature review is discussed first in order to
understand the basic principles of this study. The pro-
perties of sewage sludge and the effects of different
extraction methods on the characteristics of sludge ex-
tracts will be included.
2.2.1 Properteis of sewage sludge:-
2.2.1.1 Sources and types of sewage sludge -
Sewage sludge is derived from the organic and inorganic
matter removed from wastewater at sewage treatment plants.
The nature of sludge depends on the wastewater sources
and the method of wastewater-treatment (Peterson et al.,
1973). Sewage treatment usually occurs in several stages,
18
each of which produce sludge (Menzies, 1973 Peterson et al.,
1973 Coldrick, 1975). Primary treatment is simply an
initial settling out suspended solid impurities from
the liquid, yielding a raw primary sludge, high in nitrogen
and relatively undecomposed. Secondary treatment may be
accomplished by physical-chemical or biological processes.
The physical-chemical processes include chemical precipitation
using lime alum or ferric chloride. Biological secondary
treatment is a more common method, it includes trickling
filters or some modifications of the activated sludge
process in which an aerated,.rapid microbial digestion
occurs with the raw organic matters in the sewage convert-
ing into microbial biomass. This biological flocs are
then settled out and it is the secondary activated sludge.
Anaerobic digestion, the usual third step, break down
the organic fraction further by bacteria in the absence
of air, effectively killing many human pathogens and so
produce a more acceptable product called-digested sludge
(Menzies, 1973 Peterson et al., 1973 Coldrick, 1975).
Sewage plants may produce any or all of these kinds of
sludge in various combinations.
In Hong Kong, only two small. scale sewage treatment
plants have been established ih the present moment though
17 new treatment plants at Shatin New Town will be built
19
in future. The two treatment plants produce different
types of sludge.' One is the pilot sewage treatment plant
at Shek Wu Hui which is designed to serve 12,500 people
in Sheung Shui and the plant is only for domestic treat-
ment. It consists of primary settling, secondary biological
activation and tertiary anaerobic digestion treatment
processes and produce digested sludge which is then thickened
and stored in lagoon and finally dried on open underdrained
drybeds (Yip, 1976). Another sewage treatment plant
located at the Chinese University of Hong Kong only
serves a very small population of 4,000. The treatment
processes include primary settling and secondary activated
process. The slurry sludge without anaerobic digestion
is dried on open underdrained sandbeds and it is called
activated sludge. These two kinds of sludge because of
their different treatment practices have very different
structures and chemical composition. For instance, the
amount of total nitrogen in the secondary activated sludge
is about 2 - 6 % but only 2% in digested sludge because
nitrogen is lost in the tertiary treatment process.
Besides total nitrogen, the phosphorus and metal content
in digested sludge are higher than the activated one
because the unstable organic component is destroyed dur-
ing digestion (Menzies, 1973 Menzies and Chaney, 1975).
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However, there is a lack of information related to the
composition of digested sludge and activated sludge in
Hong Kong.
2.2.2.2 Chemical composition of sewage sludge
and its variavion - Disposal or utilization of sewage
sludge.depends very much on its chemical composition.
The properties of sludge have been of great concern in
recent years to pollution control and environmental pro-
tection agencies as well as agronomists (Yip, 1976).
However, sewage sludge vary widely in composition. These
differences are produced according to the methods adopted
for treating the wastewater, the extent a.-nd nature of
industrialization in the, sanitary district, and the
seasonal variability of sewage entering the treatment
facility (Menzies and Chaney, 1975 Sommers et al., 1976).
The general chemical composition from various
sources are summarized in Table 2.1, mean, median and
range values for each constituent in the sludge are in-
cluded to indicate the extreme variability exists in
sludge composition. Aerobic activated and anaerobic
digested sludge are compared ( Berrow and Webber, 1972
Dean and Smith, 1973 Menzies, 1973 Menzies and Chaney,
1975 Sommers et al., 1976 Sommers,1977). In the
following discussion, the median concentration will be
21
Table 2.1 The chemical composition of sewage sludge.
Range MedianComponent Types of Mean
sludge
18.0 - 39.0Organoc C anaerobic 26.8 27.6
aerobic 29.527.0 - 37.0 31.7
65.0 - 48.0all 30.4 31.0
0.5 - 17.6Total N anaerobic 5.04.2
aerobic 4.8 4.90.5 - 7.6
0.1 - 17.6all 3.93.3
0.5 - 14.3Total P anaerobic 3.0 3.3
2.92.7aerobic 1.1 - 5.5
0.1 - 14.5 2.52.3all
1.21.10.8 - 1.5Total S anaerobic
0.8 0.80.6 - 1.1aerobic







5.81.9 - 20.0anaerobicCa,% 4.9
0.6 - 13.5aerobic 3.33.0
0.1 - 25.0all 3.9 4.9
0.5 0.60.03 - 1.9Mg,% anaerobic
0.4 0.50.03 - 1.1aerobic
0.50.03 - 1.9 0.5all
0.10.01 - 0.9 0.1Ba,% anaerobic
0.020.01 - 0.1 0.02aerobic
0.020.01 - 0.9 0.06all
1.2 1.6Fe,% 0.1 - 15.3anaerobic
1.0 1.1aerobic 0.1 - 4.0








Component Types of Range Median Mean
sludge
Al,% anaerobic 0.1 - 13.5 0.5 1.7
aerobic 0.1 - 2.3 0.4 0.7
all 0.1 - 13.5 0.4 1.2
anaerobic 58.0 - 19730Pb, ppm 16400540
aerobic 13.0 - 15000 720300
all 13.0 - 19700 1360500
anaerobic 108 - 27800Zn, ppm 1890 3380
aerobic 108 - 14900 1800 2170
all 101 - 27800 1740 2790
anaerobic 85 - 10100 1000Cu, ppm 1420
aerobic 85 - 2900 970 940
all 84 - 10400 850 1210
anaerobic 2 - 3520 85Ni, ppm 400
aerobic 2 - 17000 10031
all 822 - 3520 320
anaerobic 16Cd, ppm 1063 - 3410
aerobic 5 - 2170 16 135
all 16 1103 - 3410
anaerobic 2070Cr, ppm 24 - 28850 1350
aerobic 10 - 13600 260 1270
all 89010 - 99000 2620
anaerooic 58 - 7100 280Mn, ppm 400
aerobic 55 - 1120 340 420
all 26018 - 7100 380
anaerobicB, ppm 12 - 760 36 97
aerobic 17 - 74 33 40
all 4 - 760 55 77
anaerobic 3 - 18Co, ppm 8.87.0
aerobic nd nd nd
all 1 - 18 4.0 5.3
Mo, ppm anaerobic 2924 - 30 30
aerobic 30 - 30 30 30
5 - 39all 2830
Hg, ppm 0.5- 1600anaerobic 11005
aerobic 1.0- 22 5 7
all 0.5- 10600 7335
nd: not detected.
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emphasized because it is apparent that the mean and
median values do not agree for many sludge constituents
indicating that abnormally high or low values may be
skewing the mean. Therefore, the true central tendency
for the concentration of a particular parameter in sewage
sludge may be more adequately represented by the median
rather than the mean.
The data indicate that organic carbon, phosphorus
and sulfur tend to be relatively constant in different
types of sludge. The majority of sludge contain approx-
imately 20-30% organic carbon (Table 2.1). In general,
anaerobic sludge contain lower organic carbon contents
than aerobic sludge due to the decomposition occurring
during anaerobic digestion (Sommers, 1977). The form
of organic C is also different in two sludge, varies
from the highly stable humic materials of well digested
sludge to the highly unstable raw activated sludge
(Menzies and Chaney, 1975). The total nitrogen content
in sludge is quite variable, with median values ranging
from 2 to 4% and about 12-55% out of this portion is
ammonium nitrogen. Activated sludge are high in organic
N content compared to digested sludges or contain little
NH4-N (Menzies and Chaney, 1975). The phosphorus con-
centration in sludge may equal to or exceed the amount
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of N present. Total P concentrations range from 1.2
to 3.0%. Related analysis suggests that only 10-30%
of the total P in anaerobic sludge is organic P (Sommers
e-t al., 1976). The main organic P compounds are inositol
polyphosphates while the major inorganic P components
include Ca-, Fe-, and Al- phosphates, and P sorbed on
amorphous complexes of Fe, Al and Mn hydrous oxides.
In general, the majority of sludge inorganic P can be
extracted by diluted acid solutions. Sulfur is another
plant nutrient present in significant concentration in
sludge. The median concentration of S is approximately
1%. The concentration of K and Na strongly influences
by sludge handling procedures. Most sludge contain less
than 0.5% K and-Na. So the K content is the out-of-
balance macronutrients because K is very soluble and
is removed in the water during treatment. In contrast,
Ca, Mg, Fe and Al are very high in sludge solids,
probably due to the addition of alum lime, prior to
the treatments.
The trace metals, include Zn, Cu, Pb, Ni, Mn, Cd
and Cr are important constituents of sludge because
they are potentially toxic to living organisms or
may be/hazard in the food chain. Analyses of heavy
metal content (Table 2.1) indicate that the metal con-
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centrations in sludge are very high. For instance, they
copper concentration range,from 85-10,100 ppm has been
reported while in the normal soil is only 2-100 ppm
(Berrow and Webbei, 1972). Such high metal levels may
always limit the values of sludge recycling and cause
a serious environmental problems.
2.2.2 Influence of extraction methods on properties
of resulted sludge extracts:-
The contents of the sludge extracts and its
usage vary according to the extraction methods and the
extraction time. Various extractants such as water,
acetic acid or 0.1 N HC1 have a mark influence on the
contents of heavy metals and no apparent relationship
exists between the total concentration of trace elements
in sludge and the amount dissolved by organic acid or
water (Page, 19710. It has been found that the soluble
metal contents were lower than the total concentrations.
By using 0.5M acetic acid to extract, metal from 40 sludges,
the percentages of metals recovered were as follows: Pb,
0.5-10 Zn, 15-97 Cu, 0.5-31; and Ni, 15-93% (Berrow
and Webber, 1972). The wide range of metal content being
released suggests that a variable proportion of the total
metal was extracted with 0.5M acetic acid. The solubility
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of Cu, Zn and Ni has been studied.by percolating either
water or citrate buffer through columns of dried waste-
water sludge. The maximum concentration of Cu, Ni and
Zn in the water leachates were 3, 21.5 and 42 mg/l,
respectively. For Cu and Zn, citrate buffers ranging
in pH from 2 to 6 contain metal concentrations in excess
of 1,000 m g/1 (Jenkins and Cooper, 1964). This showed
that the amounts of metal found the extracts were
lower than the total concentrations and low pH extractants
yield higher values of soluble metal contents. These
results coincided with the fact that the extractability
of heavy metals is pH dependent, for Fe, Al, Mn, Zn, Cu,
Pb and Cd, there is a general increase in solubility
when pH is decreased (Andersson, 1975). It has also
been shown that a chelating agent (EDTA) is capable of
extracting a greater proportion of total Cu, Zn, Cd and
Pb from wastewater sludge than is 2.5% acetic acid
(Bloomfield and Pruden, 1975). Stover and his coworkers
(1976) evaluated the water-soluble metal contents in
sludge and found that only a very small fraction of the
total metal concentration was present in the water phase.
Water-soluble Pb concentrations were found to be consistently
low (less than 0.3 mg/1) for all sludges with non-
detectable Cd level (less than 0.1 mg/1) for the majority
of the sludge. It was suggested that sludge contains a
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wide variety of sites capable of metal retention. Re-
tention mechanisms include ion exchange, sorption, chelat-
ion and precipitation. So metals in the sludge.are
presented in a stable complex form. The stability of
these compounds usually is pH dependent, being lower at
lower pH values. Thereforeextractants with low pH always
resultedan extract containing high level of metal contents,
Besides the effect of extrac -e solution, on the
other hand, the extraction methods also influence the
chemical composition of extracts, Since the metals bound
to the sludge are in different forms and affinities. Some
bindings are stronger and the metals can only be released
under vigorous extraction. Extraction methodswith low
power to break down the binding between metal and sludge
may give extracts with lower metal toxicity and more
suitable for algal growth. However, references related
to the effect. of extraction methods on the composition
of the extract are limited.
2.3 Material and methods
Two kinds of sludge, namely activated sludge (obtained
from the sewage treatment plant. of the Chinese University
of Hong Kong in November, 1976 and 1978) and digested
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sludge (obtained from the pilot sewage treatment plant
in Shek Wu Hui in November,. 1976 and 1978) were air-dried,
grinded and passed through a 2 mom mesh sieve before
conducting the extraction test. Two concentrations
of sludge extracts at 2% and 6% were prepared, according
to the following methods.
Distilled water was first adjusted to four different
pHs (2, 4.5, 7 and 12) with diluted HCl or NaOH and then
used as extractants. Each concentration of sludge was
subjected to three different extraction methods. (1).
Homogenizing: sludge was soaked in distilled water ate.
four different pH (2, 4.5, 7 and 12) respectively. The
sludge suspension was then homogenized in a stirrer for
15 minutes. The homogenate was filtered through a Whatman
No. 42 filter paper. The resulted extracts from this
extraction method were named as 'homogenizing pH 2',
'homogenizing pH 4-55', 'homogenizing pH 7' and 'homogenizing
pH 12' respectively. (2). Shaking: samples of sludge.
were submerged and shake, for 15 minutes by hand in dis-
tilled water at/different pH respectively. The suspension
was then stood overnight and filtered through a Whatman
No. 42 filter paper. The resulted extracts were named as
'shaking pH 2', 'shaking pH 4.5', 'shaking pH 7' and
'shaking pH 12'. (3). Autoclaving: sludge was soaked
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in distilled water at four different pH respectively.
The sludge suspension was then autoclaved for 20 minutes
and then filter through a Whatman No. 42 filter paper.
The resulted extracts were named as 'autoclaving pH 2',
'autoclaving pH 4.5', 'autoclaving pH 7' and 'autoclaving
pH 12'. Bristol's medium (Starr) 1960) was also prepared
according to Appendix 1.
The various extracts were analyzed for the following
items: pH values (pH meter), protein (Lowry et al., 1951),
soluble carbohydrate (Dreywood, 1946), lipid (Kritchevsky
et al., 1973), total nitrogen (Kjeldahl, 1883), available
phosphate (molybdenum blue method, Watanabe et al., 1962),
exchangeable potassium, sodium and metal contents (atomic
absorption spec.trophotometry, Allen et al., 1974) (Appendix
2). Triplicates were measured for each item. The
results were analyzed by the '2-way analysis of variance'
and 'Duncan's multiple-range test' (Appendix 3) to check
whether the effect of different extraction methods on the
properties of various extracts were significant.
2.4 Results
2.L.1 Nutrient contents in various sludge extracts:-
The contents of protein, carbohydrate, lipid,
cited by Allen et al., 1974
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phosphate and nitrogen of each extract are shown in
Tables 2.2-2.6. In each table, the effect of extraction
method and extractant.pH on each nutrient content were
initially analyzed by '2-way analysis of variance'. If
significant differences'V occurred, 'Duncan's multiple-
range test' was used to check which two groups were
different. The results of statistical tests are summarized
in Table 2.7.
According to Table 2.2, the amount of protein being
.extracted depended on the extraction method, extractant
pH and the types of sludge. It was found that in digested
sludge, the autoclaving was the most efficient method in
extracting protein, followed by shaking and the least
amount of-protein was released by homogenizing. The
amount of protein released was also in proportion to
the concentration of sludge used. The content obtained
in 6% digested sludge extract was about twice as much
in 2% extracts. For instance, the amount of protein in
2•% and 6% digested sludge extracts were 0.19 and 0.32mg/ml
respectively by homogenizing. However, different patterns
were observed in the activated sludge extracts. Shaking
is the most effective (1.69 mg/ml), followed by autoclaving
(0.57 mg/ml) and homogenizing (0.51 mg/ml). The latter
two methods had no significant difference. The concen-
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Table 2.2 The protein content of the sludge extracts (mg/ml)
conc. of extractant Extraction methods
Homogenizing AutoclavingShakingsludge pH y**
DS 2% 0.2302 0.154 0.906 0.430
0.231 0.8150.1074.5 0.384
0.6590.112 0.2137 0.328
12 0.386 0.808 1.200 0.798
X* 0.190 0.370 0.895
6% 0.955 0.6032 0.251 0.603
0.888 0.5520.5240.2454.5
0.950 0.6090.227 0.6507
0.571 0.945 1.57512 1.030
0.324 0.680 1.092x*












x*: the mean protein co' tent ' of each extraction method carried out
at different. extractant pH. _
y**:.the'mean protein content of all extraction methods carried out
at each extractant pH.
Other figures are the mean values of triplicate samples.
DS: digested sludge AS: activated sludge.
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tration of sludge showed no relation to the amount of
protein being released (0.52 mg/ml in 2•% and 0.46 mg/ml
in 6% sludge extracts). The effect of extractant pH
seemed to be the same in both sludge. Extractant at
pH 12 was the most effective in extracting protein with.
about 2-3 times more than the other three different pH
extractants.
Similar results were found in the content of
extractable carbohydrates (Table 2.3). In the digested
sludge (both 2016 and 6%), the order of efficiency in
extracting carbohydrate was autoclaving, shaking and
homogenizing. The mean values were 0.089, 0.014 and
0.038 mg/ml respectively. 6% digested sludge extract
seemed to release more carbohydrate than 2% extracts
especially by homogenizing and shaking. However, in
the activated sludge extracts, the order of efficiency
was shaking, autoclaving and homogenizing and the amount
of carbohydrate released was inversely proportional to
the sludge concentration. 2% extract contained about
2.5 times more carbohydrate than 6% extract. The effect
of extractant pH was not significant except in the
digested sludge extracts in which the high pH (12)
extractant released more carbohydrate than the other
three pH extractants.
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Table 2.3 The carbohydrate content (mg/ml) of the sludge extracts
Extraction methodsconc. of extractant
AutoclavingHomogenizing Shakingsludge y**pH






















x*: the mean carbohydrate content of each extraction method carried
out at different extractant pH. -
y**: the mean carbohydrate content of all extraction methods carried
out at each extractant pH.
Other figures are the mean values of triplicate samples.
DS: digested sludge AS: activated sludge.
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The effect of extraction methods on the amount of
lipid released in each extract (Table 2.4) was similar
in the two kinds of sludge. In 2% sludge extract, the
extraction methods had no significant effect on the lipid
content of both digested and activated sludge extracts.
The amount of lipid released was about 0.12 mg/ml in
digested sludge and 0.06 mg/ml in activated sludge extracts,
In 6% extracts, autoclaving was the most effective, foll-
owed by shaking and then homogenizing (mean values: 0.173,
0.114 and 0.076 mg./ml respectively). The effect of
extractant pH was similar in the two kinds of sludge
and two concentrations. It was observed that the two
extreme pH (2 and 12) had higher ability to extract
lipid from the sludge and the moderate pH had less ability.
The amount of phosphate released (Table 2.5) was
unrelated to the extraction method in both sludge and
the concentration of sludge. For instance, the amount
of phosphate obtained in the 2/ digested sludge extracts
was 0.0073, 0.0077 and 0.0093 mg/ml by homogenizing,
shaking and autoclaving respectively. The amount of
phosphate released was also unrelated to the concentrat-
ions of sludge being used. Digested sludge extracts
appeared to contain higher amounts of phosphate than
activated sludge extracts. However, no consistent
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Table 2.4 The lipid content (mg/ml) of the sludge extracts
conc. of extractant Extraction methods
y**Homogenizing Shakingsludge Autoclavin,TpH
DS 2% 2. 0.1600.234 0.246 0.213
0.088 0.0820.142 0.1044.5
0.0607 Q-037 0.065 0.0.78
12 0.124 0.096 0.152 0.124
X* 0,144 0.124 0.118
0.0910.047 0.1786% 0.1052
0.078 0.085 0.143 0.1024.5
7 0.073 0.077 0.136 0.095
0.108 0.20512 0.238 0.184
0.114 0.174X 0.076





0.069 0.1110.102 0.0946 2






x*: the mean lipid content of each extraction method carried out
at different extractant pH.
y**: the-mean lipid content of all extraction methods carried out
at each extractant pH.
Other figures are the mean values of triplicate samples.
DS: digested sludge AS: activated sludge.
36
Table 2.5 The phosphate content (mg/ml) of the sludge extracts
conc. of extractant Extraction methods
sludge y**Homogenizing Shaking AutoclavingpH
DS % 2. 0.0229 0.0177 0.01860.0152
0. 00160.QQ174.5 0.0080 0.0038
0.00167 0.0017 0.0050 0.0028
12 0.0029 0.0097 0.0089 0.0072
X 0.0073 0.0077 0.0093
6% 2. 0.0138 0.0116 0.0195 0.0150
0.0016 0.00194.5 0.0112 0.0049
0.0018 0.00197 0.0090 0.0042
12 0.0031 0.0028 0.0170 0.0025
x 0.0051 0.0046 0.0142
AS 2 0.00992% 0.0047 0.0017 0.0041
0.0020 0.0101 0.0019 0.0074.5
0.0028 0.0103 0.00207 0.00 50
0.005512 0.0046 0.0069 0.0056
X* 0.0040 0.0074 0.0031
6% 0.0065 0.01012 0.0101 0.0084
0.0025 0.0052 0.0010 0.00294.5
0.0013 0.0060 0.0014 0.00297




x*: the mean phosphate content-of each extraction method carried out
at different extractant pH.
y**: the mean phosphate content of all extraction methods carried out
at each extractant pH.
Other figures are the mean values of triplicate samples.
DS: digested sludge AS: activated sludge.
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conclusion would be drawn when comparing the phosphate
amounts in the two kinds of sludge because the amount
of phosphate being extracted varied very much. The
effects of extractant pH were not significantly different
except in the 2% digested sludge extracts. Extractant
with a low pH (2) extracted the highest amount of phos-
phate (0.0186 mg/ml), followed by pH 12 (0.0072 mg/ml),
pH L5 (0.0038 mg/ml) and the least amount was extracted
by pH 7 (0.0028 mg/ml).
The nitrogen content (Table 2.6) released from the
digested sludge was significantly affected by the three
extraction methods. In both 6%and 2% digested sludge
extracts, the effective order in releasing nitrogen was
autoclaving, shaking and homogenizing. The amount of
nitrogen extracted by autoclaving (85.34 mg/1) was about
50% more than that found by shaking (37.52 mg/1) and
75/ by homogenizing (21.04 mg/1). However, the amount
of nitrogen released from the activated sludge was not
significantly depended on the extraction methods. In
general, the amount of nitrogen released was also depended
on the types of sludge and the concentrations of sludge
being used. 6% sludge extract consisted 2-3 times
more nitrogen than 2% extract and activated sludge
extracts released more nitrogen than digested sludge
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Table 2.6 The nitrogen content (mom/l) of the sludge extracts
conc of Extraction methodsextractant
y**Homogenizing Shaking Autoclavingsludge pH
44.0828.2524.52DS. 2% 2 79•.46
15.89 29.43 73.57 39.634.5
16.68 30..907 70.63 39.40
61.51 117.71 68.7612 27.07
85.34X 21.04 37.52

















x*: the.mean nitrogen content of each extraction method carried out
at different extractant pHs
y**: the mean nitrogen content of all extraction methods carried out
at each extractant pH.
Other figures are the mean values of triplicate samples.
DS: digested sludge AS: activated sludge.
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extracts especially in 6% extracts. The effect of
extractant pH was not obvious.
In conclusion, the variations in nutrient contents
of the different extracts may either due to the extract-
ion method or extractant pH or both (Table 2.7). Extracts
resulted from autoclaving and extreme pH yield the highest
amount of nutrients, and the extracts from homogenizing
with a moderate pH yielded the minimum nutrient content.
Therefore, different extraction methods and different
concentrations employed in treating sludge released diff-
erent kinds of extracts, each with distinct nutrient
properties. The-nutrient properties of each extract
were further summarized-in Fig. 2.1(for digested sludge)
and.Fig..2.2 (for activated sludge). The values showed
in the figures were ratios of the values in the extracts
and the control (Bristol's medium), Fig. 2.1 showed
that the sludge extracts contained higher nutrient
content than the control medium with the exception of
phosphate content. 2% digested sludge extracts had
very low phosphate contents, especially those treated
with moderate pH. The low phosphate content may limit
the utilization of the extracts even though other nut-
rient contents are high.* Autoclaving released extremely.
high concentrations of nitrogen, 3 times (in 2% extracts)
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Table 2.7 Results of the 2-way ANOVA and Duncan's
multiple-range tests on nutrient content
of sludge extracts (at 0.05 significant level)
extraction methodsNutrient Sludge extractant pH
6%6% 2%2%
pH 12>2>7,4.5M3>M2>Ml pH 12>2,4.5,7M3>M2>MlDSprotein
M2>M3,Ml M2>M3>M1 pH 12>7,4.5,2 NSAS
M3>M2>Ml pH 12>2>7,4.5M3>M2>MlDS pH 12>2,4.5,7carbo-
hydrate M2>M3>M1AS M2>M3,Ml NS NS
M3>M2>MlDS NSlipid pH 12>2,4.5,7pH 2>12,4.5>7
AS M3>M2>M1NS NS pH 12>2>7>4.5
NS NS NSDS pH 2>12>4.5,7phos-
phate AS NS NSNS NS
pH 12>2,4.5,7 NSM3>M2>M1DS M3>M2>Mlnitiro-
gen NSNS NSNSAS
DS: digested sludge; AS: activated sludge NS: not significant at
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Fig,2.1 The nutrient contentsof the digested slidge extracts.
42
and 6 times (in 6% extracts) more than that found in
the control medium. The high nitrogen content by
autoclaving may also limit the utilization of the
extracts. Fig. 2.2 showed similar results. Nutrients
presented in the sludge extracts were higher than the
Bristol's medium with the exception of phosphate. The
lowest phosphate content was observed by autoclaving.
In contrast, the nitrogen content present in 6% activated
sludge extracts was very high ,(about 6 times more than
that in the control) and may be toxic if used as a
culture medium.
2.4.2 Metal contents in various extracts:-
The various metal contents, including K, Na,
Ca, Mg, Mn, Fe, Cu, Zn, Cr, Cd and Pb of each extract
are shown in Tables 2.8 - 2.16. Cd and Pb were un-
detectable in all extracts in the present investigation.
The results of 2-way analysis of variance and Duncan's
multiple range test are shown in Table 2.17.
The effect of extraction methods and extract-
ant pH on the K content was similar in the two types of
sludge and two different concentrations (Table 2.8).
Autoclaving was the most effective and extracted the




















































































































Table 2.8 The potassium(K) content-(mg/1) of the sludge extracts
conc. of extractant Extraction methods
sludge Homogenizing Shaking AutoclavingpH y**
DS 2% 163.82 170.8 199.5 178.0
106.2 145. o 146.04.5 132.4
86.5 105.0 137.07 109.5
12 125.5 138.5 181.0 147.7
X* 120.0 137.8 165.9
6% 2 297.5306.0 368.9 324.1
267.8 293.3 295.94.5 326.5
221.3 276.5 280.87 344.5
12 330.0 342.9 368.9 347.3
X* 281.3 352. 2302.6
AS 174.0 174.0 154.02% 2 167.3
61.5 138.5 147.5 115.84.5
169.0 158.5 128.07 56.5
250.012 213.0 237.5 233.5
182.9126.2 174.4X*
264.56% 2 300.0 444.0 336.2
210.0208.5 255.54.5 348.0
244.5 249.0 269.37 314.5




x*: the mean K coritent'of each extraction method carried out
at different.extractant pH.
y**:. the mean K'content of all extraction methods carried out
at each extractant pH.
Other figures are the mean values of triplicate samples.
DS: digested sludge AS: activated sludge.
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For instance, in the 6% activated sludge extracts, the
average K content in autoclaving, shaking and homogeniz-
ing extracts were 1405.2, 292.4 and 271.5 ppm respectively.
.The effect of extractant pH was also apparent. In
general, the high pH (12) released the highest amount
of K, followed by very low'pH (2) and the moderate pH
(4.5'ard 7) released the least amount of K. The amount
of K in the extracts was directly proportional to the
concentrations of sludge being used. The K content
found in 6% sludge extract was.about 2 times more than
that found in 2•% sludge extract. However, the amount
of K found in the two kinds of sludge was similar,
about 150 ppm in 2•% extract and 300 ppm in 60/6 of all
extracts.
The effect of extractant pH on the Na content was
similar to the K content-(Tables 2.9 and 2.17). The
effective order for extracting Na were pH 12 2 4.5 7.
6% digested sludge extract released 618.8 ppm of Na at
pH 12, 166.7 ppm at pH 2 and 62.4 ppm at pH 4.5 and
44.6 ppm at pH 7. The three extraction methods had
no significant effect on the amount of Na being released.
The amount of extracted Na was similar in the two kinds
of sludge and the higher concentration of sludge extracts
released more Na content.
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Table 2.9 The sodium (Na) content (mg/1) of the sludge extracts
conc. of extractant Extraction methods
sludge Homogenizing Shaking AutoclavingpH y**
DS 2% 2 129.076.6 179.9334.0
28.7 67.74.5 26.5 40.9
11.57 9.7 15.023.7
12 519.0 520.0 499.9 513.0
d
X* 158.5 182.0 221.0
6% 2 104.1 158.2 238.0 166.8
50.7 67.94.5 68.6 62.4
26.97 49.0 57.8 44.6
12 625.5 611.0 620.0 618.8
X* 201.8 221.5 246.1
AS 2% 63.52 142.3 285.0 163.6
4.5 33.1 56.5 44.5 44.7
25.87 46.8 55.7 42.8
12 677.3538.3 520.3 578.6
165.1X* 238.7 226.4
6% 100.32 291.5 292.7486.3
114.14.5 85.652.4 90.2
299.4 143.37 55.3 75.1
12 697.2 644.6 607.5 649.8
X* 226.3 275.3 376.8
Control
(Bristol's medium 188.4
x*: the mean Na-content-of-each extraction method carried out
at different extractant pH.
y**: the mean Na content of all extraction methods carried out
at each extractant pH.
Other figures are the mean values of triplicate samples.
DS: digested sludge AS: activated sludge.
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Table 2.17 Results of the 2-way ANOVA and Duancan's
multiple-range rests on the metal contents
of suldge extracts (at 0.05 significat level).
Metal,ppm Sludge Extraction methods Extractant pH
2% 6% 2% 6%
K DS M3>M2>M1 M3>M2>M1 pH 2>12>4.5>7 pH 12>2>4.5.7
AS NS M3>M2>M1 pH 12>2>4.5.7 pH 12>2>4.5.7
Na DS NS NS pH 12>2>4.5.7 pH 12>2>4.5.7
AS NS NS pH 12>2>4.5.7pH 12>2>4.5.7
Ca DS NS M3,M2,M1 pH 2>4.5>7>12 pH 2>4.5>7>12
AS NS NS pH 2>4.5>7>12 pH 2>4.5>7>12
Mg DS M3>M2>M1 M3>M2>M1 pH 2>7,4.5>12 pH 2>7,4.5>12
AS M3>M2>M1 M3>M2>M1 pH 2>4.5>7>12 pH 2>4.5,7>12
Mn DS NS M3>M2>M1 pH 2>4.5,7>12 pH 2>4.5,7>12
AS NS M2>M3,M1 pH 2>4.5>7>12 pH 2>4.5,7>12
Fe DS M3>M2,M1 M3>M2,M1 NS NS
AS M2>M3>M1M2>M3,M1 NS pH 2>4.5>7,12
Cu DS NS Ns NS pH 12>7,4.5>2
AS NS NS pH 12>2,4.5,7 NS
Zn DS NS NS pH 2>4.5>7,12 NS
AS NS NS pH 2>4.5>7,12 pH 2>4.5>7,12
Cr DS M2>M3>M1 M2>M3>M1 pH 2>4.5,7>12 pH 2>4.5>7,12
AS M2>M3>M1M2>M3>M1 pH 2>4.5,7,12 pH 2>4.5>7>12
DS: digested sludge; AS: activated sludge; NS: not significant
at 0.05 level; MI: homegenizing method; M2: shaking method;
M3: autoclaving method
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The effect of extractant pH on the amount of Ca,
Mg, Mn, Zn and Cr released in the extracts was similar
(Table 2.17). The trend was also the same in the two
kinds of sludge and the two concentrations. It was
found that the amount of metals present in the extract
was inversely proportional to the extrac.tant pH. The
lowest pH (2) released the highest contents of Ca, Mg,
Mn, Zn and Cr, and the highest pH (12) released the
least amount. The order of extraction ability was
pH 2 4 . 5 7 12 . For example, the average Zn content
obtained in 6% activated sludge extracts was 21.5, 11.1,
1.6 and 0.4 ppm when pH increased from 2 to 12 (Table
2.15). The amount of Fe was not significantly affected
by extractant pH except in 6% activated sludge extract.
In this extract, a similar trend was observed with the
low pH released more Fe than high pH. Their values
were 4.52, 2.74, 1.23 and 0.58 ppm for pH 2, 4.5, 7
and 12 accordingly (Table 2.13). However, the amount
of Cu released was directly proportional to the extract-
ant pH, high pH (12) released more Cu than moderate pH
and the least Cu content was found in extracts treated
with low pH (2) (Table 2.14).
On the other hand, the effect of three extraction
methods were not so consistent as the effect of extractant
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pH. Its influence depended on many factors, including
the kinds of metal, the types of sludge and the concentrat-
ions of sludge being used. It was found that for metals
like Ca, Cu and Zn, the effect of three extraction methods
was not significantly different (Table 2.17). For ex-
ample, the Ca amount found in 2% digested sludge extract
were 83.8, 91.2 and 88.9 ppm for homogenizing, shaking
and autoclaving respectively (Table 2.10). It was also
showed that the digested sludge extracts contained a
higher Ca amount than the activated sludge extracts,
and 6% extracts had a higher Ca content than 2% extracts.
The amount-of Cu and Zn obtained by different extraction
methods were not significantly different. Besides the
effects of extraction method and extractant pH, the Zn
concentration obtained in the extracts may be also related
to. the concentration of sludge and the types of sludge
being used. It appeared that the Zn concentration obtained
in 6% activated sludge was the highest (6.71 ppm), followed
by 2% activated sludge extracts (4.07 ppm), 6% digested
sludge extract (2.83 ppm) and the least Zn content was
found in 2% digested sludge extract (1.26 ppm) especially
those extracted by homogenizing. As to Cu content, the
effect of sludge concentration was not obvious. The
amount of Cu presented in the extract was unrelated to
the sludge concentration., although the activated sludge
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contained a higher copper concentration (0.2 ppm) than
the digested sludge (0.09 ppm) (Table 2.14).
The effect of extraction method on Mg was similar
to that found in the protein content. In general,
autoclaving was the most effective, followed by shaking
and homogenizing. For instance, the amounts of Mg obtained
by the three extraction methods were 4°3.9, 27.5 and 13.3
ppm respectively in 6% activated sludge extracts (Table
2.11). It was also found that. the activated sludge
contained more Mg (about 2-3 times) than digested sludge
extracts. The amount of Mg.was also directly proport-
ional to the concentration of-sludge being used. Thus
highest amount of Mg was obtained in 6% activated sludge
by autoclaving and low extractant pH. As to Mn, the
effect of extraction methods depended very much on the
concentrations of sludge being used. In 2% extracts,
there was no significant difference among the various
extracts resulted from the three different extraction
methods. The average Mn content obtained in 2% activated
sludge extracts by homogenizing, shaking and autoclaving
were 0.271, 0.249 and 0.226 ppm respectively (Table 2.12).
However, in 6% extracts, autoclaving and shaking appeared
to be more effective. It was also found that 6% extracts
contained higher Mn contents than 2%6 extracts and digested
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Table 2.10 The calcium (Ca) content.(mg/l)' of the sludge extracts
Extraction methodsconc. of extractant
AutoclavingShakingHomogenizingsludge y**pH
250.0 264.Q 253.0DS 22% 245.0
58. 3 49.141..947.14.5




















x*: the mean Ca content of each extraction method carried out
at different extractant pH.
y**: the mean Ca content of all extraction methods carried out
at each extractant pH.
Other figures are the mean values of triplicate samples.
DS: digested sludge AS:- activated sludge.
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Table 2.11 The magnesium (Mg) content (mg/1) of the sludge extracts
conc. of extractant Extraction methods
sludge Homogenizing Shaking Auto cilavinpH y**
DS 2% 6.282 8.217.70 7.40
2.954.5 5.013.82 3.93
2.807 3.67 5.41 3.96
12 0.20 0.68 0.44 0.44
X* 3.06 3.97 4.77
6% 2 10.90 11.35 14.35 12.20
6.95 8.69 12.414.5 9.35
6.54 8.50 12.957 9.33
12 6.444.76 4.97 9.60
X* 8.38 12.337.29
AS 2% 2 8.95 12.55 10.239.18
6.96 8.42 10.63 8.674.5
10.637 7.335.26 7.74
12 10.534.01 7.42 7.31
6.29X 8.09 11.08
6% 2 27.75 30.53 58.55 38.94
10.55 29.26 26.124 . 5 38.55
28.36 27.837.577 47.55




x*: the mean Mg content of each extraction method carried out
at different extractant pH.
y**: the mean Mg content of all extraction methods carried out
at each extractant pH.
Other figures are the mean values of triplicate samples.
DS: digested sludge AS: activated sludge.
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Table 2.12 The manganese (Mn) content (mg/1) of the sludge extracts
conc. of extractanl Extraction methods
Homogeni zingsludge Shaking AutoclavingpH y**
DS 2% 2 1.750 2.210 2.290 2.083
0.3104.5 0.320 0.460 0.363
7 0.260 0.230 0.540 0.343
12 0.030 0.030 0.052 0.037
X* 0.588 0.698 0.836
6% 2 2.040 2.270 2.710 2.340
0.510 1.040 1.0504.5 0.867
0.500 1.030 1.0607 0.863
12 0.040 0.090 0.082 0.071
X* 0.773 1.108 1.226





12 0.029 0.041 0.053 0.041
0.271X 0.249 0.227
1.145 1.6206% 1.4052 1.390
0.204 0.772 0.520 0.4994.5
0.445 0.823 0.433 0.5567




x* the mean Mn content of each.extraction method carried out
at different extractant pH.
y**: the mean Mn content of all extraction methods carried out
at each extractant pH.
Other figures are the mean values of triplicate samples.
DS: digested sludge AS: activated sludge.
0.141
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Table 2.13 The iron.(Fe) content (mg/1) of the sludge extracts
conc. of Extraction methodsextractant
Homogenizing Shaking Autoclavingsludge pH y**
0.16DS 2% 2 2.530.23 7.20
0.06 0.12 2.404.5 7.02
0.03 0.14 3.52 1.237



















x*: the mean Fe content of each extraction method carried out
at different extractant pH.
y**: the mean Fe content of all extraction methods carried out
at each extractant pH.
Other figures are the mean values of triplicate samples.
DS: digested sludge; AS: activated sludge; nd: not detected.
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Table 2.14 The copper (Cu) content (mg/1) of the sludge extracts
conc. of extractant Extraction methods
sluage Homogenizing Shaking AutoclavingpH y**
DS 2% 2 0.06 Q. o6 0.060.07
0.094.5 0.04 0.09 0.07
0.067 0.120.08 0.0.9
12 0.17 0.42 Q.16 0.25
X* 0.10 0.15 0.11
6% 2. 0.04 0.06 0.02 0.04
0.08 0.084.5 0.08 0.08
0.06 0.11 0.127 0.10
12 0.14 0.27 0.16 0.19
X* 0.08 0.13 0.10
AS 2% 2 0.08 0.08 0.11 0.09
0.08 0.14 0.14 0.124.5
0.11 0.21 0.087 0.13
12 0.34 o.69 0.39 0.47
X* 0.15 0.28 0.18
6% 0.142 0.08 0.14 0.12
0.08 0.08 0.03 0.064.5
0.08 0.08 0.087 0.08




x*: the mean Cu content-of each extraction method carried out
at different extractant pH.
y**: the mean Cu content of all extraction methods carried out
.at each extractant pH.
Other figures are the mean values of triplicate samples.
DS: digested sludge; AS: activated sludge.
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Table 2.15 The zinc (Zn) content (mg/1) of the sludge extracts
conc. of extractant Extraction methods
Homogenizingsludge Shaking AutoclavingpH y**
DS 22% 2.963..58. 1.513.80
0.530.55 Q-56 0.494.5
0.47 0.42 0.477 0.51
12 0.22 0.2 0.39 0.28
1.26X* 1.22 0.70
6% 0.712 9.81 5.50 5.34
0.75 0.78 0.62 0.724.5
0.61 0.64 0.50 0.587
12 0.16 0.27 0.31 0.25
1.80 0.54X 2.83•












x*: the mean Zn content of each extraction method carried out
,at different extractant pH.
y**: the mean Zn content of all extraction methods carried out
at each extractant pH.
Other figures are the mean values of triplicate samples.
DS: digested sludge AS: activated sludge.
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sludge released more Mn than activated sludge. The
amount of Cr found in the extracts were quite low, but
the effect of extraction methods and extractant pH were
still significant. Shaking and autoclaving extracted
similar Cr content, and their amounts were higher than
that extracted by homogenizing (Table 2.16). This trend
was more obvious in 201o activated sludge extracts, with
0.153 ppm by homogenizing, 0.362 ppm by shaking and 0.355
ppm by autoclaving. 6% extracts had a nigher Cr content
than 2% extract and activated sludge released more Cr
than digested sludge. Thus the highest Cr content was
found in 6% activated sludge extracts by either shaking
or autoclaving and under low extractant pH.
According to the above results, the amount of
various metal released in the extracts were significantly
affected by the extraction methods, extractant pH, the
types and concentrations of sludge being used. The
metal concentration obtained in each extract was summar-
ized in Figs 2.3 and 2.4 (for digested sludge extracts)
and Figs. 2.5 and 2.6 (for activated sludge extracts).
The values showe - in these four figures were ratios of
the values in the extracts and the control (Bristol's
medium). The amount of heavy metals were much higher
than in the control medium, especially in the extracts
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Table 2.16 The chromium (Cr) content (mg/1) of the sludge extracts
Extraction methodsconc. of extractant
AutoclavingShakingHomogenizingsludge y**pH
0.100DS 2 0.2702% 0.2500.380
0.080 0.140 0.1300.1704.5
0.140nd 0.270 0.13?7



















x* : the mean Cr content of each extraction method carried out
at different extractant pH.
y**: the mean Cr content of all extraction methods carried out
at each extractant pH.
Other figures are.the mean values of triplicate samples.


























































































































































































































































































































































Fig. 2.6 The heavy metal contents of activated sludge extracts.
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resulted from autoclaving and extractant with extreme
pH. The high metal content may limit the utilization
of these extracts. In contrast, the K amount obtained
in 2% extracts was lower than the control medium, and
may be deficient for plant growth, 6% activated sludge
extracts consisted extremely high heavy metal contents
especially in the two extreme pH ( 2 and 12) extracts.
The K and Na contents found in activated sludge extracts
were still quite low when compared with the control
medium.
2.4.3 pH values in various extracts:-
The changes of pH values in each extracts
immediately after the extraction were measured (Table
2.18). In general, the changes of pH values followed
a similar trend. The pH tended to shift from the initial
extreme pH to a more neutral one. If the initial pH
was lower than 7, an increase in final pH was found.
If the initial pH was higher than 7, the final pH dropped.
The more extreme of the initial pH, the more changes,
occurred in the final value. If-the initial extractant
-pH was 2, the pH after extraction would increase to
about 4.5-5.0. If the initial pH was 12, the final pH
would decrease to 10. However, when the initial pH was
7, the changes in pH value was the least. Besides the
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Table 2.18 The changes of pH values after various extraction
methods.
Extraction methodsconc. of extraciani
AutoclavinShaking y**Homogenizingsludge pH
+ 1.738+ 2.090+ 2.265+ 0.8602DS
+ 2.828+ 2.890+ 2.3152 + 3.2806%
+ 0.538+ 0.720+ 0.480+ 0.4002AS 2%
+ 1.753+ 2.160+ 1.800+ 1.30026%
+ 1.624+ 1.195+ 2.370+ 1.870DS % 4.5
+ 1.687+ 1.020+ 2.223+ 1.8156% 4.5
+ 1.639+ 1.300+ 2.210+ 1.4102%AS 4.5
+ 1.624+.10 + 1.051+ 1.6706% 4.5
- 0.743- 1.175- 0.395- 0.660DS 2% 7
- 0.963- 1.680- 0.510- 0.70060/6 7
- 0.627- 1.250- 0.200- 0.430AS 2% 7
- 0.797- 1.400- 0.790 - 0.2006%/ 7
- 2.678- 2.460 - 3.675- 1.90012DS 2%
- 4.859- 5.910- 5.010126% - 3.660
- 0.400- 0.450- 0.350- 0.40012A 2%
- 2.177- 1.790 - 3.420- 1.320126%
DS: digested sludge AS: activated sludge.
y** : the mean changes of all extraction methods in each extractant pH.




effect of initial pH, the extraction methods also inserted
their influence on the changes of pH. The highest pH
changes occurred in the extracts resulted from autoclav-
ing method and the minimum pH change was found in the
homogenizing extracts. The amount of pH changes were
1.962, 1.731 and 1.344 ppm by autoclaving, shaking
and homogenizing respectively.
2.5 Discussion
The chemical composition, including both nutrients
and metal contents of each sludge-extract was significantly
different from each other,'depending on the extraction
methods, extractant pH, concentrations of sludge and
types of sludge being studied. According to the present
investigation, autoclaving was the most effective method,
releasing the highest amount of nutrients and metals,
followed by shaking and homogenizing. The highest ability
of autoclaving in recovering the nutrients and metal
from sludge can be explained by the high temperature
and high pressure exerted on the sludge during the auto-
claving process. The metal and nutrients have been found
to be presented in complex organic forms in the sludge.
It is rather stable under normal conditions due to the
retention mechanisms including ion exchange, sorption,
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chelation and precipitation (Stover et al., 1976). How-
ever, when the sludge is treated with high temperature
and pressure, the stability of the complex compounds
as well as the affinity between the metal and sludge
will be decreased and so more metal ions will be released.
The toxicity of metals in the sludge related to the
decomposition rate of sludge organic compound. When
the sludge organic matter is decomposed, the metals
originally chelated with organic compounds will be re-
leased (Stevenson and Ardakani, 1972) . On the other
hand, many chemical reactions such as organic matter
decomposition will be stimulated or accelerated under
such high temperature and pressure. Under autoclaving,
more metals and nutrients will be released from sludge.
As the whole structure of the sludge will change during
autoclave. The conformation of original metal and nut-
rient binding sites may vary and become unable to hold
the metal and nutrients. Besides affecting the structure
of sludge, autoclaving may also change the forms of metal
in the sludge which are closely related to the solubility
of the metals. However, the detail study of how auto-
claving affect the metal form is limited. Further study
on the form of metal and the binding ability between
sludge and metal is necessary. The least amount of
nutrients released by homogenizing may be due to the
cited by Sommers, 1977.
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fact that homogenizing procedure is only effective in
soaking the sludge particles completely with the extract-
ant and create a fully suspended solution. It does not
have any ability to change the structure nor chemical
reaction between sludge and metal-ions. Furthermore,
the treatment duration of 15 minutes is very short, so
the amount of metal and nutrient released are the lowest.
The moderate amount of metal and nutrient released by
shaking may be explained by the long experimental dur-
ation because the sludge suspension was allowed to stand
overnight. So the exchange procedure will be completed
before filtration. Finally, because the relationship
between metal and sludge is still uncertain and the
form of metal or nutrients present in the sludge is not
clear, it is very difficult to give a satisfactory
explanation for the above-results. Further study on
the various forms of the metals and nutrients in the
sludge is necessary.
On the other hand, the effect of extractant pH is
also very important and pay a significant role in
controlling the amounts of nutrient and metals presented
in the sludge extracts. The extremely high and low pH
had higher ctabilirty, for extracting protein, car-
bohydrate, lipid, phosphate, nitrogen, Na and K. It is
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suggested that the two extrmem pH (2 and 12) provided
media with more vigorous reactions with can alter the
structure of sludge, the from of the nutrients and the
pinding ability between nutrients and sludge. Under
such iunstable conditions, more available nutrient will
be released. Among all the nutruents being measured
the effect of pH on the contents of phosphate and
nitrogen in the exttacis is less obvious. Such results
are not very coincided with the previousn studies
(Cook, 1961; Pratt,1965) concerned with plant nutrient
content in relation to soil pH. These studies demonstrated
that the amout of available plant nutrients and meyals
are cloesly related to soil pH (Pratt,1965). Their
relationships have been summarized in a diagram(Fig.2.7).
It has been shown that low soil pH always possess minimum
amout of N, P and K in the soil and neutral pH has the
highest nutrient content. Large amount of K and P are
also found in very alkaline condition. In the presen
stusy, the amounts of K, N and P were the highest in
the two extreme pH and lowest in the neutral pH. Such
contradiction may be due to (1) the extreme pH used
was exremely acidic (ph 2) or extremely alkaline (pH 12)
and was out of the pH range studied by other authors and
(2) the binding ability of N, P and K and ever other
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Fig. 2.7 Diagram illustrating availbility of plant
nutrients in relation to soil pH (Pratt, 1965).
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soil. The knowledge on the structure of sluage, the
form of nutrients present in the sludge and their bind-
ing ability are too limited and so further studies are
required. The effect of extractant pH in regulating
the amount of metals found in the extract is more obvious.
There is a general increase in metal extractability when
the pH is decreased. The ,present study
reported by Andersson (1975). It has
been revealed that the metals in the alkaline condition
always exist in a precipitate form and become insoluble.
It has also been found that the binding capacity of
many metals is closely related to the pH of water
(Giesy et al., 1978). For instance, under alkaline
pH, there is almost a complete precipitation of Fe
because the formation of the insoluble metal species
such as Fe(H20)4(OH)2+. Therefore the.amount of extract-
able Fe, Mn, Zn and Cr are negatively correlated
with the extractant pH. Moreover the metals are bound
with the organic carbon in the sludge and under acidic
condition, the high hydrogen concentrati.on seems to
have higher exchange capability to release more free
metal ions into the solution. The effect of pH, is
therefore, related to the structure of the sludge, the
form of original metal species, the amount of organic
matter in the sludge and the interaction between metals.
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Because of these factors, the effect of pH on the
extractability of metal is very complex.
It has been clearly shown that the effect of extract-
ion method depended very much on the types of sludge
and the concentrations of sludge being used. The
activated sludge seems to be less susceptible to the
effect of different extraction methods. The effect of
extraction methods on various chemical components of
the activated sludge extract is not significant. It
may be due to the fact that the activated sludge is less
stable than digested sludge. Many nutrients and metals
are present in the form ready for extraction, so no
matter whether the extraction method is weak or strong,
it will release similar amounts of nutrients and metals.
On the other hand, the digested sludge is very stable,
most metals are bound within the organic matter and
only release under vigorous condition which can even
alter the structure of the sludge. So the normal extract-
ion method release only the exchangeable portion while
the vigorous extraction method will release more contents.
It was also found that the amount of many components are
not postively correlated with the concentration of sludge
being used. It can be explained by the fact that reprecip-
itation may occur if the amount of soluble components
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present in the solution is too high. Therefore, the
effect of sludge concentration is not universal for
all components, its effects dependsvery much on the
kinds of components and its original concentration.
The present investigation clearly shows that the
chemical composition of each extract is unique, and each
d
extract contains higher amount of macronutrients and
heavy metals than the control medium except the contents
of P and K. The variation in the nutrient and heavy
metal components of each extract offer the information
on their capability to support plant growth. Extracts
obtained by autoclaving may be toxic for plant growth
because of their extremely high metal contents. The
excess nitrogen content found in the extracts may also
limit their use. Similarly, extracts resulted from
two extreme pH are not very suitable for plant growth
because of the excess metal content as well as the
corrosive nature. However, the exact capability of
each extract to support plant growth cannot be directly
predicted from the chemical composition of each extract.
Bioassays using unicellular algae is needed to Confirm
the nutritive value and toxicity of each extract. This
will be discussed in following chapter.
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The following points related to the effects of
extraction methods on the properties of sludge extracts
can be summarized as follows:-
1. The effect of different extraction-methods and
4AA
ex.tractant pH are significant causing the variation
in the chemical composition of the sludge extracts.
In general, the sludge extracts contain higher metal
and nutrient content than the control medium except
the contents of phosphate and potassium.
2. Autoclaving seems to be most effective in recover-
ing the nutrients as well as metals from sludge and
homogenizing is the least effective and shaking is
in between.
3. The effect of extractant pH on the nutrient content
and metal amount-is different. The two extreme pH (2
and 12) extract more nutrient content than neutral pH.
However, the amount of heavy metals released is negatively
correlated to the extractant pH.
4. The effect of extraction method depends very much
on the types and concentrations of sludge being used.
5. Extracts from autoclaving with extreme pH may not be
suitable for plant growth because of the excess amount
of heavy metals. Shaking combined with moderate pH seems




CULTIVATION OF UNICFLLULAR GREEN
ALGAE IN VARIOUS SLUDGE EXTRACTS
3.1 Introduction
It has long been found that algal systems can be
used for both pollution control and protein production
by directly recycling the nutrients in wastewater into
the biomass of algae (Goldman ' et al.., 1975 Goldman, 1976).
The growth rate of the algal systems reflects the
chemical composition of the cultural medium and can
beused as a bioassay for measuring the heavy metal poll-
ution (Edward, 1972.Bradfield et al., 1976 Barashkov
and.Kivistaeva, 1977 Phillips, 1977 Melhuus et al.,
1978 Wong et al., 1979). The amount of nutrients and
metals are reduced in the sewage effluent and extracts
of sludge after the algal culture (Yip, 1976). There-
fore, algae can also act as a sewage purifying agent
(Matusiak, 1976). Their tissue composition is directly
related to the composition of the media (Bradfield et al.,
1976 Foster, 1976 Seeliger and Edwards, 1977). In
the present investigation, two species of unicellular
green algae, Chlorella pyrenoidosa (26) and Chlan'ydomonas
reinhardii (4Y) were used to assay the nutrient value
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and heavy metal toxicity or various sludge extacts
obtained by the methods described in the previous
chapter. Bristol's medium which is the common culture
medium for growing Chlorophyceae (Starr, 1960) is
employed as a control medium for comparison. The
relative growth rate, the final yield, the content
of chlorophyll and the chemical composition of the
Chlorel a and Chlamydomonas grown under different ex-
tracts and Bristol's medium were measured. It is attem-
pted to find the most suitable sludge extract for the
mass production of unicellular green algae, and the
relationship between the algal composition and the com-
position of the extracts were also studied. The amount
of nutrients and trace metals in various extracts after
cultivation of algae are analyzed. A comparison is made
tcr how the growth of algae influence the compostion
of the culture media.
3.2 Literature review
A literature review on the utilization of sludge
especially the cultivation of algae in sludge extracts
and their tissue composition in relation to the culture
media was discussed in the following sections.
76
3.2.1 Sludge disposal and utilization:-
As the sewage sludge contains a large number
of complex and potentially useful organic molecules, the
philosophy of 'disposal by reclamation' as an alternative
to 'disposal by destruction' has been received a preliminary
examination for a number of years. The sludge can be
used as animal feed supplements, proteins, fine chemical
(such as vitamins and nucleic acid), plastics and paper,
land application or for the cultivation of single cell
proteins (Coldrick, 1975 Dick, 1978).
The use of domestic wastes or sewage in
rearing edible aquatic organisms particularly fish civtur
has been intensively studied. Noble (1975) noted that
the edible carp can achieve high rates of growth in sew-
age effluent without supplemental feedings, the yield
being high compared with population in the United Kingdom..
Similarly, it has also been reported that carp reared in
added shudge media have higier growth rates than carp
reared in tapwater alone .(Yip and Wong, 1977). Sludge
has also been used as supplementary for chicks (Eldred,
1976 Wong and Leung, 1979).
Application of suitable sludge to agriculture
land is another possible way to reduce these materials.
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This practice has been widely used in many countries.
The sludge can be used as fertilizers and soil improv-
ing agents in agriculture (Chawlla et al., 1974a). It
has been found that rye and corn growni-n sludge-amended'
soil ha t-the highest yield (King et al., 1974b). Increased
wheat growth (Sabey et al., 1975) and enhanceeproductivity
of infertile cropland (Larson et al., 1974) as well as
for the reclamation of spoiled area eg. coal mine spoils
(Peterson and Gschwind, 1973), eroded soil (Wong and-Yip,
1977 Wong , 1979) and iron ore tailing (Wong and Li, 1979)
have been achieved after applications of sewage sludge.
The two methods mentioned above although are cost
effective and offer the potential for recycling nutrients,
Iludge that contain large quantities of metals may inhibit
fish (Yip and Wong, 1977 Wong et al., 1979), chicks
(Wong and Leung, 1979) and crop growth (Hinesly et al.,
1972). The fish, chicks or plants grow under the sludge-
treated conditi.ons may accumulate heavy metals. More-
over, availability of land is another problem, especially
in area like Hong Kong where the agriculture and aqua-
culture lands are limited.
In contrast, the recovery of sludge protein by
microbial process is more suitable in areas with limited
available land such as Hong Kon.a-:v research have
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found that sewage effluent and sewage sludge extracts
can be used to cultivate single-celled algae which are
very rich in proteins (Oswald et al., 1953 Goldman et al.,
1975 Wong et al., 1977). The growth of unicellular
algae in sewage has a dual effect of reducing the sewage
pollution and at the same time producing a biomass rich
in protein. Therefore the use of algae to convert the
wastes into a new unconventional protein source has
received the attention and appears to have the most
promising future.
3.2.2 Production of unicellular algae from sludge:-
3.2.2.1 Importance of unicellular algae as
protein source - In view of the problem of the world
wide shortage for protein, many unconventional foodstuffs
are being investigated as potential sources for man and
animal. The production and use of protein produced with
the aid of different kind of microorganisms with about 50-
85% crude protein, is referred to as single cell protein
(SCP) (Farstad et al., 1975 Taylor and-Senior, 1978).
A large diversity of microorganisms include yeasts, molds,
bacteria and unicellular algae are used for producing
single cell proteins (Bunker, 1968 Senez, 1972). Among
all these organisms, algae have a particular advantage
because of their photosynthetic capability. A consider-
79
able amount of research have been undertaken to examine
the potential of unicellular algae as producers of edible
protein during the last twenty years (Milner, 1953 Gordon,
1970 Senez, 1977).
Microalgae have a number of inherent advantages
over the conventional plant and animal protein sources.
Firstly, algae have a very short generation time and can
thus provide a rapid mass increase. Under favourable
condition, the rate of multiplication may be as short as
2-6 hours, roughly one thousand times faster than that
of higher organisms, either animals or plants (Senez, 1977) .
Secondly, most microorganisms such as algae) have a high
protein content, as much as 75% with a composition in
essential amino acids similar to that of animals and Q
thus suitable for.human and animal (Senez,
1977). Thirdly, microorganisms includty4junicellular algae
can be easily modified genetically. Mutations can be
induced by chemical or physical means and. give out
different varieties with required qualities. Spoehr
and Milner (1949) and Gordon (1970) showed that the
chemical composition of an organism such as Chlorella
pyrenoidosa was influenced by the culture conditions
employed, and furthermore it was possible to control
these conditions so that a protein content of about 50%
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could regularly be attained. Fourthly, the potential
growing season is unlimited, independent of climatic
changes and the possible yield per acre is excellent
when compared with higher plants (Tamiya, 1957 Ryther,
1959 Powell et al., 1961). Fifthly, cultivation of
microalgae only requires a small land area and water
(Gordon, 1970). Also because of its photosynthetic
capabilities, algae do not need a carbon substrate. It
may also be useful as a respiratory gas exchanger as well as
a food source in closed ecological systems (Powell et al.,
1961). Therefore, according to the above reasons, micro-
algae are the very important new unconventional protein
source.
3.2.2.2 Cultivation of microalgae in sludge
extracts and sewage effluents - It has been found that
industrial, agricultural and domestic wastes which present
environmental problems, can be used as potential substrates
for large scales industrial production of single cell
protein in recent years. Many research have revealed
that the sewage have the nutritive value to support the
mass cultivation of microalgae. The use of sewage water
as a medium for Scenedesmus obliquus was studied by Meffert
(1955)*. The multiplication of algal cells occurred
actively in the first few days (yield: 4.4-11.6 gm/m2/day,
* cited by Tamiya, 1957.
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efficiency of energy conversion: 1.3-2.9%). It has
been-noted that Chlorella and Scenedesmus could grow
vigorously in sewage enrichment because the high available
phosphorus, ammonia and nitrate content present in the
sewage (Ludwig et al., 1951 Matusiak, 1976). Addition
of sewage effluent in the river also increased the growth
of both green and blue-green algae inproportion to the
qualyty of effluent added due to the high amount of P04-P
and NH3-N in wastewaters (Shapiro and Ribeiro, 1965).
Besides stimulatto the growth of freshwater microalgae,
mixtures of wastewater and seawater are also effective
for culturing marine algae at high biomass levels in both
laboratory and large-scale outdoor cultures (Dunstan and
Menzel, 1971 Goldman and Stanley, 1974 Goldman et al.,
1975; Goldman, 1976). All these research indicated that
the main substances stimulate algal growth in the sewage
are nutrients particularly nitrogen and phosphorus. When
natural waters are enriched with sewage the effect on
algal growth is highly dependent upon the trophic state of
the receiving water. Sewage added to the oligotrophic
waters is likely to cause an obvious increase in phyto-
plankton productivity, while sewage enrichment in already
fertile waters may have little or no noticeable effect
(Payne, 1973).
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A series of experiments carried out by Wong and
his coworkers (1977 and 1978) has found that sludge
extracts can be used as culture media. It has been
shown that Chlorella pyrenoidosa cultivated in the sludge
extracts (1-3%) was better than that cultivated in the
KUHL medium and Chu 10 which have been regarded as suit-
able media for Chlorella type algae (Wong et al., 1977
Wong and Ho, 1977). It has also been found that the marina
species, Co salina also grew well in sludge extracts
(Wong et al., 1977). Recent research further demonstrated
that 2% sludge extracts had the same ability in supporting
algal growth when compared with sewage effluent (Yip and
Wong, 1978) . Sludge is more condensed and concentrated
in terms of nutrient contents than the effluent. It also
has the advantage of being easily transported and stored
than the sewage effluent. As a consequence, it is meaning-
ful to concentrate our effort on the utilization of sludge
extracts on production of microalgae.
It has long been found that chemical composition of
the algae are strongly related to the composition of the
culture media especially heavy metal contents. Seeliger
and Edwards (1977) investigated the relationship between
copper and lead concentration in seawater and in seaweeds.
Correlation coefficients of +0.98 for copper and +0.97 for
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lead indicated a high degree of correspondence between
levels of these metals in water and inalgal tissues. A
high linear correlation between water concentration and
.algal zinc concentration (correlation coefficient = +0.71)
was found in freshwater algae by Trollope and Evans (1976).
Because of the close relationship between the algal tissue
content and their surrounding waters, metal concentrations
in the algae may be a better reflection of the presence
of these metals in the environment than single or occassion-
al measurements of the metal concentrations determined
directly from the water (Butterworth et al., 1972 Nickless
et al., 1972 Bryan and Hummerstone, 1973 Foster, 1976
Trollope and Evans, 1976). The use of biological indicator
organisms to define areas of trace metal pollution appears
most attractive, as these organisms not only concentrate
metals from water, allowing inexpensive and relatively
simple analysis, but they may also represent a moving
time-averaged value for the relative biological availability
of metals at each site studied (Phillips, 1977). Of course,
there are differences in the degree to which the two species
of algae reflect the environmental concentration of heavy
metalse some species are more sensitive biological in-
dicator for an element than other species (Foster, 1976).
A simple method has been suggested for assaying the tox-
icity of different substances and of sewage and natural
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water by the normal growth of algae. Chlorella pyrenoidosa
had been used as a test organism (Barashkov and Kivistaeva,
.1977). The relative growth and composition of Chlorella
indicated the trophic and polluted state of their sub-
strates.
3.2.3 Metal toxicity on algal growth :-
It has been found that organismsr uni
cellular or, multicellular, are seriously damaged by high
metal contents. Recently, because of the rapid indust-
rialization and urbanization, wastewaters are discharged
into rivers and seas without-any treatment or insufficiently
treated,,many aquatic organisms particularly phytoplanktons
are killed or influenced by the pollutants present in
the discharges) especially the heavy metals. For instance,
copper has been found to reduce the phytoplankton standing
crop, productivity, and change phytoplankton taxonomic
diversity with a resulting dominance of resistant species
(Thomas and Seibert, 1977 Thomas et al., 1977). Among
all the heavy metals, toxicity of elements manganese,
copper, zinc, lead, mercury and cadmium lon the unicellular
algae being emphasized because of their abundance
in sewage. A 5% reduction in the total algal cell
of Chlorella occurred in the presence of 50 mg/l
manganese, 70 pg/l copper or 700 ,pg/l lead (Christensen
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and Scherfig, 1979). Excess copper has long been found
to have various toxic effect on algae. It prevents
cell division in Chlorella (Kanazawa and Kanazawa, 1969
Nielsen and Nielsen, 1970) , inhibits cell growth and
photosynthesis in Chlorella (Thomas et al., 1977),
Spirulina platensis, blue-green algae (Kallqvist and
Meadows, 1978), Nitzchia palea, diatom (Nielsen and An-
derson, 1971) and,Nactiluca spp. (Harison et al., 1977)
Both. photosynthesis and respiration of Chlorella are.
depressed in the presence of copper (Hassall, 1963
McBrien and Hassall, 1967 Gibson, 1972). Besides copper,
algae are also sensitive-to zinc and mercury toxicity.
Asharp reduction in the pigment content and in the rates
of cell division and metabolic activity are the symptoms
of Zn and Hg toxicity (Filippis and Pallaghy, 1976).
Growth rates of three diatoms uete. declined in the pre-
sence of zinc (Jensen et al., 1971+). Lead is another
common pollutant in the wastewater and has significant
toxicity on aquatic plants. The cell weight and amount
of CO2 fixation by algal cells were reduced by lead
(Malanchuk and Gruendling, 1973). Lead not only inhibit
the growth but also change the morphology or 'the colony
formation in many algal cultures especially Scenedesmus
obtusiusculus (Monohan, 1976). Therefore,the amount of
cited by Thomas et al., 1977.
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metals present in.the wastewater are closely related
to the algal growth.
3.3 Material and methods (Appendix 4)
The 2% and 6% activated and digested sludge extracts
obtained from the three different extraction methods
(homogenizing, shaking and autoclaving) and four different
extractant pH (2, 4.5, 7 and 12) were prepared as culture
media. Bristol's medium (Starr, 1960) was also prepared
as a control medium. Pure culture of'Chlorella pyrenoidosa
(26) and Chlamydomonas reinhardii (4Y) were used in the.
present experiment and the culture method was adopted
from Shihira and Krauss-(1965). The pH of the media
was-adjusted to pH 6.6 - 6.8 before the test with diluted
HC1 or NaOH. All of the culture media were then auto-
played before use. The culture was maintained free of
contamination from bacteria and fungi. Inoculation was
made in a sterile transfer room and autoclaving was employed
for the sterilization of all the media and equipments.
The number of cells per millilitre in each media
were counted every other day after the cell suspensions
had been thoroughly stirred.
The final yield (expressed as dry weight), contents
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of chlorophyll, protein, carbohydrate, phosphate, K,
Na and various heavy metals in the algal tissues were
analyzed according to the methods summarized in Appendix 4
The chemical composition of the culture media after the
cultivation were also determined according to the methods




3.4.1.1 Growth curves of algae cultivated
in digested sludge extracts - The growth rates of
Chlorella pyrenoidosa and Chlamydomonas reinhardii in
various digested sludge extracts and Bristol's medium
are shown in Figs. 3.1 - 3.12.
All the sludge extracts were shown to be
excellent culture media for C. pyrenoidosa (Figs. 3.1-3.6)
The rates of cell growth in different extracts were faster
than the Bristol's medium except in the autoclaving
extracts at pH 12 (Figs. 3.5 and 3.6). The slopes and
shapes of the growth curves in extractant pH 4.5 and 7
were normal and similar to the control. In contrast, the.
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very different from the control, especially in homo-
genizing extracts. Figs. 3.1 and 3.2 showed that the
growth curves of pH 12 extracts were very unique, with
a longer lag period. The cell numbers increased rapidly
after the lag phase (from day 3-5) and then the growth
rate decreased and dropped to zero between day 5 and 7.
The cells then returned to a rapid growth state again
after day 7. The decreased growth between day 5 and 7
suggested that during these two days, the culture con-
dition was very unfavorable to algal growth. However,
the algae could tolerate and adapt to the poor condition
and so rapid growth occurred after this period. In
general, 6% sludge extracts supported better algal growth
than 2% extracts except in autoclaving extracts where the
two concentrations of sludge extracts provided similar
growth condition. 6% shaking extracts at pH 4.5 and 7
and homogenizing extracts-at pH 7 had greater ability
to support normal Chlorella growth than the other extracts.
All the extracts were less favourable for the growth
of C. reinhardii (Figs. 3.7- 3.12). The growth rates
of Chlamydomonas in various sludge extracts were inferior
when compared to the control except in 6% shaking extracts
at pH 4.5 (Fig. 3.10) and 6% homogenizing extract at
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Fig.3.12 The growth rates of chlamydominas reimhardii in 6% digested slude extracts by autoclaying.
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extract at pH 4.5 was similar to the control medium.
In all extraction methods, extracts at pH 12 were the
worst culture media and supported very low algal growth.
The second lowest algal growth was found in extracts
with pH 2. The growth curves showed that in the initial
few days of the culture period, the patterns of algal
growth in these extracts were similar to those found in
the control. However, after day 8, the rate of algal
growth decreased rapidly. The cells started to lysis
and remained undivided. The growth curves observed in
the 2% homogenizing and shaking extracts at pH 7 were
similar to those found in the extracts at pH 2. The
growth.also dropped after day 6. Similar to the trend.
found in Chlor.ella growth, 6% extracts supported a higher
amount of algal growth than 2% extracts with the exception
of autoclaving extracts.
Therefore, the media obtained from 6% shaking pHk.5
and 7 extraction provided the trivd`t optimum condition
for the growth of both algae. The 6% homogenizing ex-
tracts at these two pH were also favorable for algal
growth. The autoclaving extracts at anyH were inferior.
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3.4.1.2 Growth curves of algae cultivated
in activated sludge extracts - The growth rates of
Chlorella and Chlamydomonas in various activated sludge
extracts and Bristol's medium are shown in Figs. 3.13- 3.24.
Activated sludge extracts obtained from extract-
ion at pH 2 and 12 supported less growth of C. pyrenoidosa
than the control medium (Figs.: 3.13 - 3.18). In general,
the growth curves of these extracts started to drop after
day 8. Extracts at pH 4.5 and 7 supported more algal
growth than the control. The 6% extracts were less
favourable than 2% extracts though the shapes and slopes
of the growth curves in the former extracts were more
similar to the control. Among all the media, extracts
from 6% autoclaving at any pH were the least favourable
for Chlorella growth. Media from 2% homogenizing at pH
4.5 and 7, and 2% shaking at pH L4.5 showed to be excellent
culture media. 6% homogenizing extract at pH 7 (Fig. 3.14)
and 2% autoclaving at pH 7 (Fig. 3.17) supported high
amount of.Chlorella growth. However, the shapes and
slopes of the growth curves were deviated very much from
the control one. There has a period without any growth
(between day 4 and 10) before the rapid growth period
(the exponential phase). This suggested that the cells
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Fig.3.18 The growth rates of chlorella pyrenoidosa in 6% activated sludge extracts by autoclaving.
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tolerant cells could continue to multiply and resulted
in the steep exponential growth phase.
Most extracts were inferior for culturing C. reinhardii
than the control especially the 6% extracts (Figs. 3.19-
3.24). Extracts at pH 2 and 12 of any extraction method
were unable to support Chlamydomonas growth. The number
of Chlamydomonas cells were declined rapidly after day 16.
2% extracts obtained from homogenizing and shaking at
pH 4.5 and 7 supported similar algal growth when compared
with the control. The shapes and slopes of these growth
curves were not very different from each other. There-
fore, it can be concluded that the extracts obtained from
2% shaking and homogenizing at pH 4.5 and 7 may be used
as culture media for both algal species.
3.4.2 Chemical composition of the algal cells:
3.4.2.1 Chlorella pyrenoi dosa - The contents
of lipid, protein, chlorophyll, carbohydrates and phos-
phate of Chlorella cells grown in different sludge extracts
and control medium are shown in Tables 3.1 and 3.2.
According to Table 3.1, each type of waste-grown cells
had its own nutrient characteristics. Some cells had
a very high yield but a.low pr.otein, carbohydrate and
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Table 3.1 The nutrient composition of-Chlorella pyrenoidosa
cultivated in the digested sludge extracts.
POCHOChl.Prot.YieldEHEMconc. of 4
mg/mlsludge


























Figures represent the mean values of duplicate samples.
EM: extraction methods EH: extractant pH Prot.: protein content
Chl.: chlorophyll-content CHO: -carbohydrate content
P04: phosphate content Ml: homogenizing method M2: shaking method
M3: autoclaving method.
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of 2% homogenizing pH 112 where the protein content was
only 28.3% (control: 65.4%) though their yield was 0.37 mg/ml
(control: 0.07 mg/ml). Similar results were noted in
2% media extracted at pH 2 where the yield was about
2 times higher than the control but the protein content
was only about 30%. In contrast, some algal cells had
a very high protein (up to 80%), high carbohydrate content
(over 20%) and chlorophyll content (about L+%) but with
the yield and phosphate content similar to control.
Those cells were cultivated in the media extracted at
pH 4.5 by 2% homogenizing or shaking. Other media might
produce cells with a high yield but a normal nutrient
content similar to those extracted at pH 7. As to
activated sludge, a different picture was revealed
(Table 3.2), the yield of the sludge-grown algae was
generally higher than the control but their chlorophyll,
protein, carbohydrate and phosphate contents were quite
low especially the media extracted by homogenizing which
only had about 30% protein. Among all the media, cells
cultivated in extracts of 2% shaking pH .t-.5 was the
most nutritive, containing a similar protein content
the control though other nutrient contents in these
cells were lower. It was obvious that the Chlorella
cells grown in 6% autoclaving extracts at pH 2 had the
nutrient composition (including protein, chlorophyll,
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Table 3.2 The nutrient composition.of Chlorella pyrenoidosa




1.86 0.140.17Nl 2 9.182% 52.19
1.20 0.077.900.47 30.744.5
























Figures represent the mean values of duplicate samples.
EM: extraction methods EH: extractant pH Prot.: protein content
Chl.: chlorophyll content CHO: carbohydrate content
PO : phosphate content Ml: homogenizing method M2: shaking method
M3: autoclaving method.
% % % %
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carbohydrate and phosphate, comparable to-those found
in the control cells. The five nutrient components,
yield, protein, chlorophyll, carbohydrate and phosphate,
were different in different Chlorel.la cells. The variat-
ion of each component in sludge-grown cells are further
illustrated in Figs. 3.25-3.29.
According to Fig. 3.25, the yield of sludge-grown
cells were much higher than the control cells. Activated
sludge-grown Chlorella had higher yield than digested
sludge-grown cells. Within each type of sludge extract',
different extraction methods or extractant pH provided
media with similar yield of Chlorella. The concentrations
of the sludge extracts seemed to show no effects on the
yield of the Chlorella cells.
Chlorella cells cultivated in most sludge extracts
contained lower protein contents except in the media of
digested sludge extracts at pH 4.5,-by any extraction
method and 2% activated sludge extracted at pH 4.5 by
shaking (Fig. 3.26). The cells in digested sludge extracts
contained a slightly higher protein than those in act-
ivated sludge extracts.
Chlorophyll content (Fig. 3.27) in the activated











































Fig. 3.25 The yield content of Chlorella cells






















2 4.5 7 122 4.5 7 12
pHpH



















































Fig. 3.27 The chlorophyll content of Chlorella cells
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Because of the low chlorophyll content in the activated
sludge-grown cells, the differences in cell chlorophyll
content among various extracts and sludge concentrations'
were not obvious. Unexpectedly, the cells cultivated
in digested sludge extracts had higher chlorophyll
contents and the medium extracted by 2% autoclaving
at pH 2 yielded cells with extraordinary high chlorophyll
contents.
The trend of variations in carbohydrate and phos-
phate contents (Figs. 3.28 and 3.29) were similar to
the variation in chlorophyll content (Fig-3.27). Activated
sludge-grown Chlorella had a low carbohydrates and
phosphate contents than-the control while in some di-
gested sludge extracts, the cells had higher contents
of these two nutrient components.
The metal contents, including K, Na, Ca, Mg, Mn,
Fe. Cu, Zn and Cr of various algal cells are summarized
in Tables 3.3 and 3.4. Pb and Cr were undetectable in
the algal cells.. Chlorella growtiin digested sludge ex-
tracts generally had higher heavy metal contents but
lower K, Na, Ca and Mg contents than the control (Table
3.3). The algae grownin extracts at pH 2 had the highest





























































































Fig. 3.29 The phosphate content of Chlorella cells.
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Table 3.3 The metal contents of Chlorella pyrenoidosa




0.88 0.722.270.28 0.951.03 0,030.370.444.5
0.180.540.500.09 2.180.27 0.251.590.467
0.091.891.75nd 2.380.28 0.110.540.3912
0.201.63 1.200.210.680.20M2 2 0.46 3.830.51















0.282.220.540.95 14.220.110.43. 0.630.55M3 2
0.682.790.380.211.72 1.84 10.370.740.394.5
1.27 nd0.370.70 10. 860.1.20.890.760.767
1.39 nd0.340.150.55 3.550.750.51 3.0012
0.65 nd0.290.09 1.262.081.411.44Control 0.57
(Bristol's medium)
Figures represent the mean values of duplicate samples.
EM: extraction method EH: extractant pH Ml: homogenizing method
M2: shaking method M3: autoclaving method nd: not detected.
CS: conc. of sludge.
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pH 12 contained the least amount of heavy metal. The
algal cells cultivated in the autoclaving extracts
contained very high Mn and Fe contents. Media from
shaking and homogenizing at neutral pH appeared to
have a more balancelmetal content though they still
accumulated certain heavy metals in their tissues.
Similar results of variations in tissue metal contents
of different Chlorella cells were observed in activate
sludge extracts (Table 3-4). In addition, the sludge
grown-cells had. very high heavy metal contents as well
as higher K, Na, Ca contents. as, the control cells.
Ghlorella grown in 6% extracts contained higher metal
content than 2% extracts. The variation of each metal
in different Chlorella cells is shown in histograms
(Figs. 3.30-3.38).
Chlorella cells in 6% homogenizing digested sludge
extracts and 2% shaking activated sludge extracts
contained very high K content (Fig.3.30). The other
cells had less K content than the control and the diff-
erences due to different sludge concentrations or extract-
ion methods being used were not very obvious. In general,
Chlorella cultivated in media at moderate pH had higher
K uptake. The variation of, Na 'in different cells (Fig.3.31 )
was rather different from that found in K content. Most
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Table 3.4 The metal contents of Chlorella pyrenoidosa
cultivated in activated sludge extracts.
Mn Fe Cu Zn CrK Na Ca MgCS EM EH
103 ppm104 ppm
0.831.110.62 3.22 4.251.07 0.190.642% Ml 2 0.41
0.232.320.870.081.34 0.33 0.31 5.084.5




2.320.728.630.60 0.401.390.37 4.08M2 2 0.79
0.811.06 2.070.110.381.361.19 7.330.344.5
0.771.731.530.180.420.252.531.80 5.847
0.370.09 0.711.320.180.110.46 2.4912 4.92
2.692.151.580.140.740.400.40 0.37 3.84M3 2
0.311.021.772.350.421.02 0.090.90 0.344.5
1.44 0.692.972.350.080.310.280.49 1.297
0.170.660.03 2.011.051.09 3.041.2012 5.05
0.692.610.270.55 5.460.29 7.051.940.516% Ml 2
0.912.730.140.530.25 3.513.271.790.534.5
2.430.15 10.46 0, 750.33 3.100.231.451.057
1.000.09 0 390.23 3.510.17 4.191.530.3212
1.660.89 13.560.24 26.230.320.622 2.361.00M2
0.351.860.140.41 3.450.21 7.971.390.164.5
0.791.660.160.420.27 4.019.182.070.43
1.23 0.543.070.080.360.23 4.560.16 2.0312
1.961.43 35.280.38 69.260.710.561.080.64M3 2
0.841.322.060.13 8.880.510.461.290.884
0.201.251.770.54 0.230.55 0.41 9.360.617
0.87 nd0.080.18 3.490.37 4.2812 0.47 2.33
0.65 nd0.291.260.091.830.881.010.57Control
(Bristol's medium)
Figures represent the mean values of duplicate samples.
EM: extraction methods EH: extractant pH Ml: homogenizing method
M2: shaking method M3: autoclaving method nd: not detected.
CS: conc. of sludge.
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cells from activated sludge extracts contained higher
Na than the control and the cells from digested sludge
extracts had the least Na uptake. The variation of
tissue Na content in different sludge extracts was not
very significant.
The tissue Ca content in the sludge extracts was
e
lower than the control especially those cultivated in
media. obtained from shaking at pH 12 (Fig.3.32). The
tissue Mg content of activated sludge-grown Chlorella
was much higher than control (Fig. 3.33). The amount
found in the digested sludge-grown cells was similar
to the control cells. Cells cultivated in different
digested sludge accumulated a similar amount of Mg.
The variation of Mn (Fig.3.3k), Fe (Fig.3.35), Zn
(Fig.3.37) and Cr.(Fig. 3.38) was similar in cells
grown in various extracts, they accumulated higher
Mn, Fe,.Zn and Cr contents than the control except
those grown in extracts at pH 12. .Furthermore, Chlorella
cells grown in low pH extracts had higher Mn, Fe, Zn-
and Cr uptake. The amount of Cu accumulated in Chlorella
cultivated in the sludge extracts-were higher than that
found in the control cells especially those grown in
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Fig. 3.38 The Cr content of Chlrella cells.
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3.4.2.2 Chlamydomonas reinhardii - According
to Table 3.5, Chlamydomonas cultivated in various digested
sludge extracts had their distinct yields and nutrient
contents. Chlamydomonas grown in media of shaking and
homogenizing at ph 4.5 and 7 had similar algal yields
and nutrient contents as that in the control. Cells
grown in autoclaving media had higher yields but contained
very low protein and chlorophyll contents. Similar
results were revealed in Chlamydomonas grown in activated
sludge extracts (Table 3.6). The variation of each nut-
rient in various Chlamydomonas cells is shown in hist-
ograms (Figs. 3.39-3.43). The cells grown in the auto-
claving media had the highest yield, about 2 times more
than the control. Other media had similar or lower
yield than the control . Cells grown in different sludge-
media had no difference in yield (Fig. 3.39)0
The protein content of Chlamydomonas grown in sludge
extracts were. comparatively lower than the control (Fig.
3.40). Chlamydomonas in media extracted at pH 4.5 and
7 by homogenizing and shaking appeared to be the most
nutritive algal cells among all the other sludge-grown
Chlamydomonas cells. Autoclaving media produce algal
cells containing a minimum protein content.
140
Table 3.5 The nutrient composition of Chlamydomonas reinhardii
cultivated in digested sludge extracts.
EH P0CHOconc. of EM Yield Prot. Chl.
4sludge mg/ ml
0.450.07N1 10.45 28.572% 2 76.14
0.13 0.1685.77 19.624.5 5.52
0.12 6.04 0.4882.25 23.137
0.22 0.2712 13.958.3076.59
1.0624.25M2 0.10 2.892 50.20
0.480.16 16.085.964.5 50.25
11.65 22.100.11 85.33 o. 597
0.1211.088.400.2812 41.07


















Figures represent the mean values of duplicate samples.
EM: extraction methods EH: extractant pH Prot.: protein content
Chl.: chlorophyll content CHO: carbohydrate content
PO: phosphate content Ni:. homogenizing metnoa i,,iz: snaring meznoa
M3: autoclaving method.
% % % %
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Table 3.6 The nutrient composition of Chlamydomonas reinhardii
cultivated in activated sludge extracts.
MTET POPIE] Chl. CHOProt.EM Yieldconc. of A
mg/ mlsludge


























Figures represent the mean values of duplicate samples.
EM: extraction methods- EH: extractant pH Prot.: protein content
Chl.: chlorophyll content CHO: carbohydrate content
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Fig. 3.40 The protrin content of Chlamydomonas cells.
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Same results were found in the chlorophyll content
of Chlamydomonas (Fig. 3.41). It was apparent that
those cells grown in pH 2 and 12 media had extremely
low chlorophyll contents.
Fig. 3.42 showed that the carbohydrate content of
hlamydomonas cells grown in digested sludge extracts
d
had similar or even higher carbohydrate contents than
the control while the activated sludge-grown cells all
had lower carbohydrate contents. The tissue carbohydrate
variations due to the extraction methods or concentrations
were not obvious.
The Chlamydomonas cells grown in autoclaving media
contained extremely low phosphate contents (Fig. 3.43),
The phosphate contents of cells grown in media extracted
at pH 2 were higher. However, the highest phosphate
content was found in 2% activated sludge extracts by
homogenizing at pH 2.
Table 3.7 showed the characteristics of the Chlam -
domonas metal contents in. various digested sludge
extracts. The metal content of sludge grown cells
was higher than the control. Algal cells grown in the
media extracted at pH 12 seemed to have lower tissue
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Table 3.7 The metal content of Chlamydomonas reinhardii
cultivated in digested sludge extracts.
CrZnCuFeMnmg,CaK NaEHFMcs
103 ppm104 ppm
1.971.610.36 2.500.410.710.83 4.641.07Ni 22%
1.922.020.240.170.62 3.08 4.810.950.674.5
2.981.412.830.230.161.290.780.11 3.487
0.510.570.960.14 0.110.580.8512 2.10 3.41






















Figures represent the mean values of auplica%e sample.
EM: extraction methods; EH: extractant pH; MI homogenizing method
M2: shaking method; M3: autoclaving method; nd: not detected
CS: conc. of sludge.
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metal content of algal cells grown in media extracted
by 2% shaking at pH 4.5 and 7 were very similar and
.contents were only slightly higher than those cultivated
in the control.
Similar results were found in the cells cultivated
in activated sludge extracts (Table 3.8). The variations
of tissue metal content in different groups are shown
in histograms (Figs. 3.4 and 3.52). The K content
of Chlamydomonas grown in different sludge extracts were
higher than that in the control medium (Fig. 3,44). The
Chlamydomonas grown in media resulted from shaking or
homogenizing at pH 7 contained higher K contents. The
tissue K content of algae grown in different concentrations
of extracts fluctuated in a random way and there was
no direct relationship between the tissue metal content
and the sludge concentrations. The Na content of
Chlamydomonas cells grown in sludge extracts were slightly
lower than those grown in the control (Fig. 3.45). These
cells grown in activated sludge autoclaving extracts
and digested sludge homogenizing extracts had higher
Na contents.
Fig. 3.46 showed the tissue Ca contents, the sludge
grown cells also had lower Ca contents than control except
150
Table 3.8 The metal contents of Chlamydomonas reinhardii
cultivated in activated sludge extracts.
Mn Fe CrZnCuCaEH KCS EM Na Mg
103 ppm104 ppm
0.34 27.22 11.032.64MI 2 0.88 0.312% 4.605.444.46
6.400.68 0.25 1.65 1.800.37 0.44 0.694.5 3.05
0.84 0.20 0.640.27 1.03 1.251.01 2.437 4.90
12 0.58 0.60 0.31 1.54 0.160.29 0.10 0.242.24
0.71 0.18 24.84 2.89M2 0.57 1.31 2.03 1.02 19.582
1.48 0.28 0.53 0.66 0.15 0.65 1.024.134.5 4.16
1.750.140.38 1.24 1.022.47 7.537 45 3.22
0.73 0.520.26 0.150.98 0.40 1.850.3312 3.25
0.970.54 36.26 0.280.230.92 5.860.76 2.00M3 2
0.710.18 2.400.38 2.030.491.520.99 4.664.5
0.330.18 0.920.410.401.310.76 4.417 4.30
0.58 0.270.11 2.002.830.330.2212 1.940.54
8.610.801.030.920.731.12 5.00 3.516% MI 34.172
1.25 16.43 1.660.400.640.460.200.72 5.274.5
8.59 0.922.660.220.621.120.491.72 4.787
0.78 1.39 10.12 0.750.140.150.240.7312 2.34
0.210.800.910.571.68 4.45 36.17 4.27M2 35.702
0.20 1.482.87 1.330.790.710.65 5.261.344.5
6.660.14 1.390.960.720.701.49 5.75 3.087
0.10 1.06 0.720.310.350.690.9812 5.41 5.02
0.46 17.621.80 0.770.400.90M3 1.241.522 49.62
0.51 16.14 0.89 2.14 0.530.661.001.83 0.864.5
0.73 1.03 0.250.20 15.28o.630.32 1.671.167
1.710.06 8.000.32 nd0.300.50 3.2212 0.54
2.991.250.15 1.85 nd0.281.010.47 0.54Control
(Bristol's medium)
Figures represent the mean values of duplicate samples.
EM: extraction methods EH: extractant pH Ml: homogenizing method
M2: shaking method M3: autoclaving method nd: not detected



















































































Fig. 3.45 The Na content of Chlamydomonas cells.
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Fig. 3.d6 The Ca content of Chlamydomonas cells
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in some media extracted at pH 2. The algae grown in
media extracted at pH 4.5 and 7 had Ca contents very
similar to the control group. The cells grown in act-
ivated sludge extracts had higher Mg content than the
control (Fig. 3.47). The cells grown in digested sludge
extracts had relatively lower Mg contents especially
those grown in the autoclaving media. Algal cells grown
in pH 12 media had a comparatively low Mg content while
those in pH 2 had a higher Mg content.
The variation of Mn (Fig. 3.48), Fe (Fig. 3-49)q
Cu (Fig. 4.50), Zn (Fig. 3.51) and Cr (Fig. 4.52) in
different cells were similar. Cells cultivated in
sludge extracts at lower pH 2 had the highest metal
contents and the cells in activated sludge extracts
contained higher tissue metal contents than those reared
in the digested sludge extracts. For certain metals,
their tissue content in the digested sludge group
mi -Lt even lower than those found in the control. Cells
grown in the autoclaving media had lower Cu, Zn and Cr
contents than the other media.
The chemical composition of algal cells cultivated
in different sludge extracts and control medium were
distinct. Their composition was related to the content
of the culture media. The 'cells grown in sludge extracts
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Fig. 3.51 The Zn content.*of the Chlamydomonas cells
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Fig. 3.52 The Cr content of the Chlamydomonas cells.
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always had higher contents of metals than the control
cells.
3.4.3 Chemical composition of the media after
cultivation:-
The nutrient and metal contents of the various
culture media before and after the cultivation of Chlorella
and Chlamydomonas are shown in Tables 3.9-3.22. For some
chemical constituents , their amounts in culture media
increased after the cultivation, whereas in some comp-
onents, their amounts decreased. The % increase or re-
duction depended on the species of algae being cultivated
and the initial properties of the culture medium. The
changes of each chemical constituent after the culture
were expressed by the % deviated from the initial content.
The protein content of digested sludge extracts
decreased after culture (Table 3.9). The % reduction
was different in different media and depended on the
algal species. Cultivation of Chlorella in these extracts
caused greater reductions in protein contents than the
cultivation of Chlamydomonas. The mean protein reductions
were about 40% for Chlorella and only 19% for Chlamydomonas,
Minimum protein changes of digested sludge extracts
before and after culture was found in the 6% autoclaving
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Table 3.9 The protein content (mg/ml) of the media
before and after algal culture.
AS, CHLAM.AS, CHLOR.ASDS, CHLAM.DS, CHLOR.EM ER DSCs
0.09( 11.20.19( 24.0) 0.12 0.10( 18.1)Nl 0.1522% 0,09( 44.8)
0.21( 11.9) 0.28( 50.8)0.11 0.06( 41.1) 0.25(133.6) 0.194.5
0.12( 61.5)0.12( 8.) 0.30 0.28( 8.0)0.11 0.10( 9.8)7
0.39 0.22( 17.1) 0.21( 4.6) 9.48 0.59( 93.8) 0.44( 95.3)12
0.23 0.12( 46.1) 0.28( 21.7) 1.48 0.11( 92.9) o.13( 91.0)M2 2
0.16( 86.0)0.23 0.09( 59.7) 0.19( 17.1) 1.14 0.08( 92.9)4.5
0.14( 88.3) o.11C 90.7)0.21 0.10( 54.9) 0.24( 10.8) 1.177
0.98( 67.2)0.81 0.38( 53.1) 0.56( 55.5) 2.98 0.74(75.3)12
0.29 0.20( 31.9) 0.16( 45.2)0.91 0.34( 62.3) 0.70( 23.2)M3 2
0.28 0.32( 11.7) 0.30( 5.3)0.82 0.36( 56.1) 0.46( 43.8)4.5
0.40 O.37( 7.7) 0.36( 10.4)0.66 0.36( 45.2) 0.47( 28.5)7
1.32 1.25( 5.3) 1.16( 12.2)1.06( 11.61.20 1.12( 6.7)12
0.10 0.24( 14.1) 0.09( 6.1)0.25 0.19( 24.3) 0.29( 1 )Nl 26%
0.30 0.12( 58.6) 0.12( 62.70.25 0.16 33.1) 0.32( 30.2)4.5
0.16 0.18( 17.4) 0.15 4.5)0.29( 28.20.23 0.18( 20.7)7
1.30 0.06( 95.5) 0.64( 51.0)0.57 0.25( 55.9) 0.31( 46.1)12
0.41( 27.7) 0.09 0.24(161.1) 0.05( 50.0)0.60 0.21( 65.2)2M2
0.51( 2.1) 0.45 0.26( 41.5) 0.30( 32.5)0.52 0.28( 47.5)4.5
0.45 0.22( 50.6) 0.29( 35.0)0.65 0.20( 69.1) 0.45( 31.4)7
2.64 0.85( 67.7) 0.89( 66.3)0.95 0.30( 68.4) 0.47( 50.0)12
1.04( 8.9) 0.13 0.09( 33.1) 0.06( 57.3)0.96 0.96( 0.5)M3 2
0.08( 15.10.87( 25.9) 0. 09 0.07( 22.8)0.89 0.89( 0.3)4.5
0.15 0.07( 51.3) 0.08( 46.9)0.95 0.89( 6.4) 0.90( 5.4)7
1.71 1.11( 34.7) 0.18( 89.5)1.58 1.11( 29.8) 1.08( 31.4)12
Figures in brackets represent the % of protein reduction after culture,
Figures in brackets being underlined represent the % of protein
increases after culture CS: conc. of sludge EM: extraction methods
EH: extractant pH Ml: homogenizing method M2: shaking method
M3: autoclaving method DS: digested sludge extracts
DS,CHLOR.: digested sludge extracts after Chlorella culture
DS,CHLAM.: digested sludge extracts after Chlamydomonas culture
AS: activated sludge extracts AS, CHLOR.: activated sludge extracts
after Chlorella culture AS,CHLAM.: activated sludge extracts after
Chlamydomonas culture.
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extracts. In contrast, the amount of protein reduction
in the activated sludge extracts was higher than that
in the digested sludge extracts. Maximum reductions
of protein were found in the media obtained by 2'% shak-
ing extracts with about 90% protein reduction. In
certain media, the amount of protein content increased
after culture especially in the media at pH 12. Such
increase might be due to the ex±racellular excretion
or contamination.
There was a general increase in carbohydrate contents
in all digested sludge extracts after culture either
Chlorella or Chiamydomonas (Table 3.10). The amount
of carbohydrate increase varied widely. Most media had
about 50% carbohydrate increase and the increase due to
the Chlorella culture was higher than Chlamydomonas
culture. The increase of carbohydrate content of the
medium at extreme pH were higher than those at moderate
pH. The increase of carbohydrate contents in the digested
sludge extracts after culture might be due to the add-
ition of extracellular product to the media during the
culture period. However, this phenomenon did not hold
true for the activated sludge extracts. In many activated
sludge extracts, there was a reduction in carbohydrate
content after culture. The reduction was always found
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Table 3.10 The carbohydrate content (mg/ml.) of the
media before and after algal culture.
AS, CHLAM.AS, CHLOR.EH ASDS, CHLAM.DS, CHLOR.EM DSCS
0.82 0.12( 40.1)0.12MI 0.04( 49.0)22% 0.06 (3.0) 0.02( 34.5)
0.05 0.09( 68.5) 0.12(120.8)0.01 0.02( 96.3) 0.03(189.7 )4.5
0.13 0.04( 69.2) 0.06( 48.0)0.01 0.02(101.8) 0.02(111.0)7
0.0.02 0.04(115.9) 0.03( 59.1) 0.19 0.08( 57.1) O.08(55.2 )12
0.34 0.04( 89.7)0.27( 19.8)0.02 0.04(154.3). 0.05(224.5)M2 2
0.06( 88.5)0.02 0.03( 99.4) 0.02( 54.8) 0.51 0.04( 92.8)4.5
0.47 0.03( 92.9) 0.07( 86.2)0.02 0.02( 36.1) 0.03(112.9)7
0.19( 62.8) 0,22( 57.3)0.02 0.05(112.3) 0.05(119.3) 0.5112
0.02( 85.9) 0.16( 30.8)0.08 0.06( 24.8) 0.09( 8.5) 0.12M3 2
0.13( 66.5) 0.17( 56.2)0.07 0.05( 26.6) 0.08( 22.1) 0.384.5
0.35 0.13( 62.9) 0.17(52.9)0.07 0.09)( 38.0) 0.08( 18.9)7
0.13 0.23( 78.4) 0.25( 96.9)0.08 0.09( 10.3) 0.10( 21.3)12
0.12(439.5)0.02 0.07(231.9)0.03 0.04( 30.6) 0.05( 62.5)2N16
0.11 0.03( 68.2) 0.07( 40.4)0.04 0.04( 19.4 ) 0.04( 22. 5)4.5
0.13(221.6)0.04( 23 .6) 0.04 0.11(163.3)0.04 0.05( 48.9)7.
0.08 0.14( 76.4) 0.17(106.6)0.05 0.06( 15.9) 0.05( 5.0)12
0.21 0.09( 58.5) 0.12( 43.4)0.04 0.03( 28.2) 0.06 ( 36.5)2M2
0.07(73.9) 0.20 0.11( 44.6) 0.13( 32.1)0.04 0.04( 3.9)4.5
0.17 0.11( 33.3) 0.13( 23.6)0.07( 76.3)0.04 0.08(102.8)7
0.09( 64.2) 0.23 0.11( 52.9) 0.14( 40.3)0.05 0.08( 54.7)12
0.04 0.05( 13.6) 0.05( 32.1)0.09 0.21(130.3) 0.18( 98.9)M3 2
0.17( 85.6) 0.06 0.40( 28.1) 0.04( 92.1)0.09 0.16( 77.8)4.5
0.16( 81.4) 0.05 0.38( 071.3) 0.05( 3.6)0.09 0.17(96.5 )7
0.25 0.55(121.4) 0.05( 79.4)0.17( 91.2)0.09 0. 20(114.3)12
Figures in brackets represent the % of carbohydrate reduction after culture.
Figures in brackets being underlined represent the % of carbohydrate
increases after culture CS: conce of sludge EM: extraction methods
EH: extractant pH Ml: homogenizing method M2: shaking method
M3: autoclaving method DS: digested sludge extracts
DS, CHLOR.: digested sludge extracts after Chlorella culture
DS, CHLAM.: digested sludge extracts after Chlamydomonas culture
AS: activated sludge extracts
AS, CHLOR.: activated sludge extracts after Chlorella culture
AS, CHLAM.: activated sludge extracts after Chlamydomon_as culture.
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in media with a very high initial carbohydrate content.
Maximum reduction of carbohydrate content in the extracts
were found in 2% shaking extracts with a low initial
carbohydrate content such as autoclaving extracts at
6%, the carbohydrate content also increased after culture.
The changes of lipid content in the digested sludge
extracts after culture fluctuated very much (Table 3.11).
In some media, such as shaking and homogenizing pH 7
extracts, an increase in lipid content was observed.
In other media at pH 4.5, there was no significant changes
in lipid contents after culture whereas in the remaining
media, there was a slight lipid increase after culture.
The increase due to the cultivation of Chlamydomonas
were slightly higher than the Chiorella. In the activated
sludge extracts, the lipid contents of all media after
culture were increased. Chlorella culture in the
activated sludge produced a higher increase of lipid
contents than Chlamydomonas culture. In 2% homogenizing
extracts, the increase of lipid after culture could be
up to 300%.
Table 3.12 shows the changes of phosphate content
after culture. In most digested sludge extracts, phosphate
content decreased after culture, the reduction was over
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Table 3.11 The lipid content (mg/ml) of the media
before and after algal culture.
L-TTTEMCS ran AS, CHLAM.DS AS AS, CHLOR.DS, CHLOR. DS, CHLAM.
Ml 0.23 0.08( 66.7)2% 2 0.03 0.12(281.3) 0.13(312.8)0.06( 72.7)
0.14 0.10( 28.9) 0.26( 84.5) 0.03 0.20(600.0)4.5 0.09(21 4.3)
0.04 0.06( 73.0)7 0.06( 59.5) 0.03 0.13( 2 .0) 0.22(596.8)
0.1212 0.05 0.11(138.3) 0.13(172.3)0.08( 32.3) 0.06( 48.4)
0.09M2 0.25 0.08( 69.5) 0.08( 65.9)2 0.01( 85.9) 0.08( 5.9)
0.09 0.08( 10.2) 0.08( 4.6 0.04 0.09(115.0) 0.06 55.0)4.5
0.07 0.11( 73.9) 0.06( 13.9) 0.05 0.10( 88.7) 0.11(113.2)7
0.07 0.15(114.7)12 0.10 0.10( 6.3) 0.08( 18.8) 0.09( 32.4 )
M3 0.16 0.04( 75.0) O.14( 13.8) 0.08 0.16(10 .2) 0.13( 70.0)2
0.08 0.11( 37.8)0.08 0.04( 48.8) 0.16( 92.7) 0.10( 20.7 )4.5
0.08 0.04( 53.9) 0.08( 7.7) 0.08 0.16(106.5) 0.15( 93.4)7
0.53(251.3). 0.23 0.33( 42.4) 0.26(113.5)12 0.15 0.18( 19.7)
.M1 0.05 0.07( 53.2) O.07 46.8) 0.10 0.14( 36.3) 0.37(266. )6% 2
0.08 0.08( 2.6) 0.04( 47.4) 0.04 0.12(216.2) 0.38(918.9)4.5
0.06 0.10( 59.7) 0.08( 20.7)0.07 0.09( 23.9) 0.16(124.7)7
12 0.11 0.11( 1.9) 0.11( 2.8) 0.09 0.10( 20.0) 0.55( 55.4)
0.10( 6.6) 0.07 0.18(156.5)0.09 0.06( 72.3)M2 2 0.06( 34.1)
0.05 0.11(107.5) 0.09( 63.0)0.09 0.08( 5.9) 0.09( 3.5)4.5
0.09( 14.2) 0.06 0.17(167.7) 0.08(127.7)0.087 0.04 48.1)
0.10 0.14( 31.1) 0.31(201.9)0.21 0.05( 75.6) 0.21( 1.4)12
0.13( 2.0)M3 0.18 0.10( 44.9) 0.12( 34.8) 0.11 0.32(183.8)2
0.14(93.2)0.14 0.06( 60.8) 0.19(31.5) 0.07 0.08( 13.9)4.5
0.11( 17.7) 0.11 0.25(136.4) 0.10( 3.5)0.147 0.08( 42.7)
0.15 0.33(114.5) 0.58(280.3)0.24 0.ll( 55.5) 0.12( 48.7)12
Figures in brackets represent the % of lipid reduction after culture.
Figures in brackets beinginderlined represent the % of lipid increases
after culture CS: conc. of sludge EM: extraction methods
EH: extractant pH Ml': homogenizing method M2: shaking method
M3: ' autoclaving method DS: digested sludge extracts
DS, CHLOR.: digested sludge extracts after Chlorella culture
DS, CHLAM.: digested sludge extracts after Chlamydomonas culture
AS: activated sludge extracts
AS, CHLOR.: activated sludge extracts after Chlorella culture
AS, CHLAM.: activated sludge extracts after Chlamydomonas culture.
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Table 3.12 The phosphate content (mg/ml, x 10'3) of the
media before and after algal culture.
AS, CHLAM.AS. CHLOR.ASDS. CHLAM.DS, CHLOR.EH DSFBICS
1.2( 79.7)8.7( 62.0) 1.6( 73.6)22.9Nl 2 5.2(77.3) 5.92%
2.6( 23.8)2.1.0.3( 82.4) 3.1( 47.6)1.7 1.8( 5.9)4.5
2.80.6( 64.7)1.9( 11.81.7 1.9( 32.1)3.1(9.3)7
4.8( 12.6)0.4( 86.2)3.2( 10.3) 5.1( 7.3)2.912 5.5
17.7 1.9( 59.6)1.2( 74.9)M2 2 4.77.9( 55.4)9.4( 46.9)
1.9( 81.2)0.5( 68.8) 10.11.6 2.0( 79.8)2.4( 50.0)4.5
l.9( 81.9)0.2( 87.5) 10.31.8( 12.5)1.6 O.2( 98.3)7
5.3( 15.0)9.5( 2.1) 10.8( 11.3) 5.6( 21. )12 4.69.7
1.71.7( 88.6) 5.3(208.8)15.2 4.0(735.3)M3 2 0.4( 97.4)
1.9 4.9(15.8)8.0 3.9(107.4)2.3( 71.3)3.3( 58.8)4.5
4.4(119.0)2.0 4.4(100.0)3.1( 93.8)3.0( 94.0)7 49.9
6.9 1.8( 73.9).2.0( 70.6)8.9 10.0( 12.4)12 4.2( 52.8)
1.1( 83.1)0.9( 86.9)6.52.0( 85.5)13.8 62.3(351.1)Nl 26%
1.8( 28.0)2.8( 13.0)251.9( 18.8)2.1( 28.1)1.64.5
2.7(108.5)1.3 3.9(200.0)1.0 44.4)1.8 4.0(123.9)7
4.7( 41.0)4.7( 41.0)7.91.8( 41.9)12 2.9( 3.6)3.1
10.1 7.0( 30.7)0.4( 95.7)2.6( 77.6)11.62M2 5.5( 52.3)
4.2( 19.2)0.2( 89.5) 2.7( 48.7)5.31.9 1.0( 47.4)4.5
4.7( 21.0)6.0 3.6( 40.0)0.4( 79.0)1.9 0.9( 51.1)7
4.6( 11.5)6.5( 24.0)5.22.7( 2.9) 2.8( .0 )2.812
1.5( 85.3)2.9( 85.1) 10.1 2. ( 79.5)3.5( 82.3)19.5M3 2
5.7( 64 6.0)1.06.0( 69.2) 5.2(419.0)11.2 8.5 56.4)4.5
1.47.3( 18.9) 4.1(1 2. )4.4(212.9)7.3 36.1)7 9.0
4.7( 26.0)6.35.8( 65.9) 3.1( 50.3)17.0 10.2( 39.7)12
Figures in brackets represent the % of phosphate reduction after culture.
Figures in brackets being underlined represent the % of phosphate
increase after culture.* CS: conc. of sludge EM: extraction methods
EH:- extractant pH Ml: homogenizing method M2: shaking method
M3: autoclaving method DS: digested sludge extracts
DS, CHLOR.': digested sludge extracts after Chlorella culture
DS, CHLAM. : digested sludge extracts after Chlamydomonas culture
AS: activated sludge extracts
AS, CHLOR. : activated sludge extracts after Chlorella culture
AS, CHLAM. : activated sludge extracts after Chlamydomonas culture.
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50% especially in the autoclaving media after culturing
Chi.amydomonas. In the activated sludge extracts, the
changes of phosphate content fluctuated very much, depended
on the initial phosphate content. In the autoclaving
media, a common increase of phosphate content occurred
but in the shaking media, the phosphate amount reduced
after culture.
A common reduction in nitrogen content was also
noted in all media (Table 3.13). The reduction amount
varied from 0 to about 95% with an average about 40-50%.
A higher amount of reduction was found in the activated
sludge extracts than in the digested sludge extracts.
Changes due to Chlarnydomonas culture were higher than
Chlorella culture. The least nitrogen reduction was
found in the autoclaving media.
A common reduction phenomenon of K and Na was found
in most media (Tables 3.14 and 3.15). The amount of K
reduction in the digested sludge extracts was between
70-90%. The percentage of reduction in various media
was similar. However, in-the activated sludge extracts,
the changes of K content varied and showed a slight
reduction in most media. Sometimes a slight increase
or no change of K content in media were also found. The
amount of Na reduction after culture was lower and fluctuated
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Table 3.13 The nitrogen content (mg/1) of the media
before and. after algal culture,
AS, CHLA?M.AS, CHLOR.ASDS, CHLAM.DS, CHLOR.DSEMCS
5.8( 39.4)5.2 45.4)9.624.5 16.2( 34.0) 12.4( 49.6)Ni 22%
14.0 9.6( 31.3)8.7( 38.7)15.9 12.7( 20.4) 10.6( 33.4)4.5
4.1( 80.6)20.9 5.5( 73.8)16.7 17.1( 2.3) 10.0( 40oO)7
8.1(. 80.0)5.2( 87.1)27.1 17.7( 34.8) 15.9( 41.3) 40.712
6.4( 80.51)8.1( 75.2)28.3 14.7( 47.9) 13.0( 54.2) 32.82M2
21.8 7.0(.67.9)6.4 70.7)29.4 16.2( 45.0) 17.1( 42.0)4.5
7.3( 86.4) 2.9( 94.5)25.6( 17.2) 53.330.9 15.9( 48.6)7
20.9( 68.3)23.5( 61.7) 66.0 13.4( 79.9)61.5 11.8( 80.9)12
11.3( 26.4)15.4 11.6( 24.5)36.5( 54.1)2M3 79.5 51.8( 34.8)
6.O( 66.9) 10.2( 43.5)18.047.1( 36.0)4.5 73.6 48.0( 34.8)
12.2( 87.7)57.1( 19.2) 9.9( 90.1)99.670.6 42.7( 39.6)7
16.0( 88.6)105.0( 11.0) 140.7 11.9( 91.5)117.7 75.0( 36.3)12
7.o( 87.9)7.3( 87.4)64.7 35.3( 45.5) 40.0( 38.2) 57.62N16%
5.8( 92.3)6.4( 91.5)35.3( 8.4) 25.9( 32.8) 75.64.5 38.6
11.6( 89.29.3( 91.4)41.2( 6.0) 24.1( 45.0) 107.643.97
13.1(92.9)11.8( 83.5) 183.2 10.5( 94.3)12.4( 82.712 71.2
8.7( 88.6)13.1( 82.9)76.763.3 47.1( 25.6) 30.6( 51.6)2M2
16.0( 84.1)100.7 11.9( 88.262.4 38.3( 38.7) 36.5( 41.5)4.5
139.6 8.4( 94.0)9.6( 93.1)34.4( 52.3)72.1 35.3( 51.0)7
139.6 10.2( 92.7) 11.6( 91.7)35.3( 66.7) 46.5( 56.1)105.912
23.3( 63.6)143.0( 2.0) 64.0 23.9( 62.7)146.0 138.3( 5.2)2M3
26.8( 67.3)175.4( 1.7) 81.7 22.4( 72.6)172.5 182.5(5.8)4.5
166.6( 6.9) 264.7 22.4( 69.9) 30.3( 91.3)144.2( 19.4)178.97
201.9( 0.3) 523.5 36.4( 93.1) 46.0( 91.2)201.3 182.5( 9.4)12
Figures in brackets represent the % of nitrogen reduction after culture.
Figures in brackets being underlined represent the % of nitrogen
increases after culture. CS: conc. of sludge EM: extraction methods
EH: extractant pH Ml: homogenizing method M2: shaking method
M3: autoclaving method DS: digested sludge extracts
DS, CHLOR. : digested sludge extracts after Chlorella culture
DS, CHLAM. : digested sludge extracts after Chiamydomonas culture
AS: activated sludge, extracts
AS,.CHLOR. : activated sludge extracts after Chlorella culture
AS, CHLAM. : activated sludge extracts after Chlamydomonas culture.
EH
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Table 3.14 The potassium (K) content of the media (mg/-l)
before and after algal culture.
AS, CHLAM.AS, CHLOR.ASDS, CHLAM.DS, CHLOR.DSEHEMCS
143.5( 17.5)25.6( 84.4) 174.0 101.0( 42.0)163.8 27.1( 83.5)2Ml2%
61.5 233.0(2 .2) 330.0(437.0)106.2 21.0( 80.2) 28.8( 72.9).4.5
141.3(150.2)27.5( 68.2) 56.4 122.4(116.9)86.5 19.9( 77.0)7
157.6( 26.0)20.2( 83.6) 213.0 149.6( 29.8)123.5 16.4( 86.7)12
150.0( 13.8)26.4( 84.5) 174.0 115.6( 33.6)170.8 25.4( 85.2)2M2
22.0( 84.5) 138.5 121.9( 12.0) 144.9( 4.7)145.0 21.8( 85.0)4.5
140.3( 17.0)169.0 125.1( 26.0)105.0 17.3( 83.5) 22.4( 78.7)7
24.8 (82.1) 250.0 302.6( 21.0) 303.8( 21.5 )138.5 12.5( 91.0)12
154.0 109.9( 28.6) 9.9( 36.4)23.9( 88.0)199.5 34.5( 82.8)2M3
156.5( 6.1)19.2( 86.8) 147.5 139.1( 5.7)146.0 16.3( 88.8)4.5
264.6( 66.9) 77.4( 51.1)19.1( 86.1) 158.5137.0 15.3( 88.8)7
155.1( 34.7)27.4( 84.9) 237.5 327.6(37.9)181.0 24.1( 86.7)12
319.1( 20.6)264.5 276.9( 4.7)36.4( 88.1) 35.1( 88.5)2N16% 306.0
156.5( 24.9)208.5 150.5( 27.8)29.5( 89.0) 32.(87.9)267.84.5
31.3( 85.9) 244.5 268.5( 9.8) 333.1( 36.2)29.6( 86.6)221.37
274.9( 25.4) 275.3( 25.3)32.8( 90.1) 368.512 330.0 31.9( 90.3)
30.1( 89.9) 300.0 314.5( 4.8) 327.5(9.2)297.5 31.6( 89.4)M2 2
35.1( 88.1) 210.0 325.0( 22.6) 326.5( 36.0)293.3 28.9( 90.1)4.5
32.4( 88.3) 249.0 200.8( 19.4) 334.9( 34.5)276.5 27.8( 90.0)7
157.6( 61.3)34.6( 89.9) 407.5 100.0( 75.5)12 342.9 31.0( 91.0)
46.8( 87.3) 494.0 135.8( 72.5) 255.3( 48.3)42.9( 88.4)2M3 368.9
356.9( 2.6)36.6( 88.8) 348.0 150.9( 56.6)39.4( 87.9)4.5 326.5
362.6( 15.3)36.1( 89.5) 314.5 344.9( 9.7)37.7( 89.1)344.57
40.0( 89.2) 514.5 306.0( 40.5) 307.6( 40.2)43.1( 88.3)12 368.9
Figures in brackets represent the % of K reduction after culture.
Figures in brackets being underlined represent the % of K increases
after culture. CS: conc. of sludge EM: extraction methods
EH: extractant pH Ml: homogenizing method M2: shaking method
M3: autoclaving method DS: digested sludge extracts_
DS, CHLOR. : digested sludge extracts after Chlorella culture
DS, CHLAM. : digested sludge extracts after Chlamydomonas culture
AS: activated sludge extracts
AS, CHLOR. : activated sludge extracts after Chlorella culture
AS, CHLAM. : activated sludge extracts after Chla.mydomon.as culture.
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Table 3.15 The sodium (Na) content (mg/1) of the media
before and after algal culture.
AS. CHLAM.AS, CHLOR.ASDS, CHLAM.EH DS, CHLOR.DSEMCS
116.5(83.+)57.9( 24.4) 154.0(101.0) 63.4 87.9( 38.7)2MI2% 76.6
188.5(470.2)141.1(326.5)28.7 33.9( 18.3) 4.4( 53.5) 33.14.5
16.5( 69.6) 18.9( 94.2) 25.8 89.2(245.9) 93.0(260.5)7 9.7
186.0( 65.4) 186.2( 65.4)404.0( 22.2) 450.0( 13.3) 538.312 519.0
108.6( 23.7)129.0 91.7( 28.9). 126.5( 1.9) 142.3 193.0( 35.7)2M2
67.6 53.8( 20.5) 64.6( 4.5) 56.4 85.0( 50.6) 94.5( 67.4)4.5
101.1(116.2)11.5 14.3( 24.8) 22.0( 91,3) 46.7 88.9( 90.2)7
240.8( 64.4) 245.7( 63.7)416.0( 20.0) 41,2( 92.1) 677.312 520.0
285.0 86.O( 69.8) 77.5( 72.8)222.0( 33.5)M3 2 334.0 200.1( 40.1)
101.6(128.3) 105.6(137.3 )26.5 30.9( 16.6) 36.0( 35.9) 44.54.5
63.9( 14.8)27.5( 16.0) 55.7 96.5( 73.2)23.7 22.1( 7.0)7
194.1( 62.7)407.0( 18.6) 476.5( 4.7) 520.3 214.7( 58.7)12 499.9
102.9( 1.1) 100.3 171.1( 70.6) 18.1( 86.6)104.1 75.8( 27.2)M1 26%
44.5( 12.1) 52.3 97.2( 85.7) 103.7( 98.1)4.5 50.7 20.9( 58.6)
195.0(252.5)19.9( 25.9) 55.3 150.5(171.9)26.9 17.6( 34.6)7
219.9( 68.5)490.5( 21.0) 697.2 216.9( 68.9)625.5 548.0( 12.4)12
291.5 180.5( 38.1) 186.0( 36.2)158.2 57.9( 63.4) 72.9( 53.9)2M2
180.8(100.4) 184.4(104.4)67.8 52.7( 22.3) 64.7( 4.7) 90.24.5
181.2(141.4)26.9( 45.0) 75.1 129.7( 72.8)49.9 23.1( 52.9)7
644.5 136.8( 78.8) 191.0( 70.4)611.0 500.0( 18.2) 51.5( 91.6)12
201.2( 15.5) 486.3 159.8( 67.2) 153.8( 68.4)238.0 164.0( 31.1)M 2
114.1 187.2( 64.7) 192.0( 68.3)68.6 54.7( 20.3) 75.8( l0.5)4.5
44.9( 22.2) 299.4 194.4( 35.1) 19.1 93.648.1( 16.857.87
607.5 245.4( 59.6) 244.7( 59.7)620.0 399.O( 35.6) 340.0( 45.2)12
Figures in brackets represent the % of Na reduction after culture.
Figures in brackets being underlined represent the % of Na increases
after culture. CS: conc. of sludge EM: extraction methods
EH: extractant pH Ni: homogenizing method M2: shaking method
M3: autoclaving method DS: digested sludge,extracts
DS, CHLOR. : digested sludge extracts after Chlorella culture
DS, CHLAM. : digested sludge extracts after Chlamydomonas culture
AS: activated sludge extracts
AS, CHLOR. : activated sludge extracts after Chlorella culture
AS, CHLAM. : activated sludge extracts after Chlamydomonas culture.
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widely than the changes in K content. However, the
fluctuation depended on the properties of media before
culture and the growth condition of the algal cells.
The changes in digested sludge extracts due to Chlorella
culture was higher than that due to Chlamydomonas culture.
Table 3.16 shows the changes of Ca content in all
media after algal culture. A common increase in Ca
content was found in the digested sludge extracts. The
increase was up to 10 times (100%) in the 2% digested
sludge media extracted by shaking at pH 12. In the other
media, the increase of Ca was about 70%. A slightly
higher Ca content was found in the media after Chlamydomonas
culture than after Chlorella culture. In activated
sludge extracts, the changes in Ca content were more
fluctuated although most media had a slightly higher
Ca after culture. In the-medium at pH 12, a drop in
Ca content was observed after culture. The changes due
to Chlorella culture or Chlamydomonas culture were
similar. In general, the changes of Mg content in diff-
erent sludge extracts before and after culture were not
si gnificant'(Table 3.17). Most changes, no matter
increase or decrease were within 20%. The changes found
in activated sludge were higher with a lower Mg content
after algal culture.
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Table 3.16 The calcium (Ca) content (mg/1) of the
media before and after algal culture.
AS, CHLAM.AS. CHLOR.ASDS, CHLAM.DS, CHLOR.DSEHcs EM
78.9( 2.8)82.4( 1.9)245.0 249.9( 2.0) 231.0( 5.7) 81.2N1 22%
86.9( 84.8) 99.9(112.5) 64.7 128.0( 97.8) 124.7( 92.5)47.14.5
53.8( 1.5)88.0(114.0) 54.6 62.7 ( 14.9)7 41.1 78.9( 92.0)
1.0( 17.6)1.3 0.7( 46.0)8.9(304.6)12 2.2 5.9(165.9 )
92.4( l.l)250.0 301.5( 20.6) 294.0( 17.6) 97.9 92.7( 5.3)M2 2
58.6( 15.9)97.O( 66.4) 176.4(202.6) 50.6 65.2( 28.7)58.34.5
67.2( 42.3) 64.7( 36.9)56.7 96.5( 70.3) 175.3(209.3 ) 47.27
3.5( 48.2)6.8 3.2( 52.6)0.1 13.3(147.3) 72.0(7990.)12
96.6( 6.7) 87.7( 3.2)264.0 244.0( 7.6) 417.0( 58.0) 90.5M3 2
6.1 41.7( 31.5) 40.1( 34.1)41.8 74.6( 78.3) 91.4(118.3)4.5
6.0 46.8( 22.5) 38.6( 36.1)95.4(10 .2)46.5 83.6( 79.8)7
3.6( 20.9)6.7( 86.1) 2.8( 38.5)4.77.6(110.6)12 3.6
215.1 253.0(17.7) 220.5( 2.5)251.0 382.0( 52.2) 468.0( 86.5)2M16%
124.5 66.8( 46.4) 63.1( 49.3)110.5 238.0(115.4) 246.9(123.5)4.5
118.9 122.9( 3.5) 124.3( 4.6)105.7 184.0( 74.2) 184.5( 74.6)7
4.1( 16.8) 3.8( 22.4)4.996.6( 90.0)12 47.7 68.1( 42.9)
262.5 290.0( 10.5) 285.7( 8.9)392.0( 2 ) 624.5(103.4)M2 2 307.0
109.6 137.7( 2 .6) 135.4( 23.5)181.9 232.5( 2 7.S) 436.3(139.7 )4.5
134.2( 35.6) 11.6( 33.0)169.9 161.0( 5.2) 318.5( 87.5 ) 98.97
8.7 0.7( 91.9) 0.5( 94.8)111.8(114.6 )12 52.1 75.2( 44.3)
479.9( 45.0) 283.0 282.8( 0.1) 283.1( 0.0)M3 2 331.0 449.0( 35.7 )
129.4 108.4( 26.3) 98.1( 24.2)169.3 288.0( 70.1) 300.0( 77.2)4.5
109.9( 10.6) 95.2( 22.7)299.8( 94.1) 123.1154.4 240.O(55.4)7
6.4( 87.1) 4.9( 90.3)103.4(105.0) 77.9( 54.5) 5.012 50.4
Figures in brackets represent the % of Ca reduction after culture.
Figures in brackets being underlined represent the / of Ca increases
after culture. CS: conc. of sludge EM: extraction methods
EH: extractant pH Ml: homogenizing method M2: shaking method
M3: autoclaving method DS: digested sludge extracts
DS, CHLOR.: digested sludge extracts after Chlorella culture
DS, CHLAM.: digested sludge extracts after Chlamydomonas culture
AS: activated sludge extracts
AS, CHLOR.: activated sludge extracts after Chlorella culture
AS, CHLAM.: activated sludge extracts after Chlamydomonas culture.
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Table 3.17 The magnesium (Mg) content ( mg/1 ) of the
media before and after algal culture.
AS, CHLAM.CS EM EH ASDS AS, CHLOR.DS, CHLOR. DS, CHLAM.
Ml 6.28 5.20( 17.2) 8.95 8.31( 7.2) 8.05( 10.1)22% 6.06( 3.5)
2.95 3.39( 14.9) 3.75( 27 .1) 6.96 10.78( 54.9) 10.81( 55.3)4.5
6.59(25.3)2.80 3.28( 17.1) 3.39( 21.17 5.26 7.13( 35.6)
0.20 0.42(109.0)12 4.01 1.88( 53.1) 2.09( 47.9)0.20( 0 )
9.05( 1.4)8.35( 8.4)M2 2 9.18 8.76( 4.6)7.70 7.93( 3.0)
4.32( 13.1) 8.42 7.52( 10.7) 6.99( 17.0)3.82 4.35(13.9)4.5
8.14( 11.1) 7.23( 1.4)7 3.67 4.12( 12.3 ) 4.00( 9.0) 7.33
0.68 0.20( 70.6) 1.40(105.0) 7.42 4.90( 34.0) 3.31( 55.5)12
8.21 8.10( 1.3) 8.48(3.3) 12.55 9.16( 27.1) 8.57( 31.7)M3 2
5.93( 18.4) 10.63 7.59( 28.6)5.01 9.30( 80.2) 7.13( 32.9)4.5
5.33( 1.5) 5.62( 3.9) 10.63 7.63( 28.2) 7.40( 30.4)7 5.41
0.44 0.44( 0 ) 0.58 ( 31.8) 10.53 5.25( 50.1) 7.72( 26.7)12
27.75 29.61( 6.3) 26.13( 5.8)10.90 10.88(0.0) 11.71( 7.4)6% Ml 2
7.80( 12.2) 10.55 7.58( 28.2) 7.75( 26.5)6.954.5 7.19( 3.4)
7.01( 26.5) 7.54( 36.1) 7.57 11.05( 46.0) 10.83( 43.1)7 5.54
4.00( 16.0) 4.55( 4.4) 7.4812 8.05( 7.6) 6.93( 7.4)4.76
11.35 11.80( 4.0) 11.76(3.6) 30.53 28.26( 7.4) 3.o6( 90.0)M2 2
9.24( 6.3) 29.26 10.85( 62.9) 10.79( 63.1)8.69 8.98(3.3)4.5
28.32 11.14( 60.7) 10.71( 62.2)8950 8.18( 3.8) 8.89( 4.6)7
5.13( 3.2) 21.96 1.21( 94.5) 1.73( 92.1)12 4.97 4.58( 7.9)
14.35 19.45( 35.5) 22.00( 53.3) 58.55 31.70( 45.9) 29.70( 49.3)M3 2
13.22( 6.5) 38.55 11.15( 71.1) 10.98( 71.8)12.41 12.92( 4.1)4.5
13.00( 0.0) 47.55 11.07( 76.7) 10.93( 77.0)12.95 12.42( 4.1)7
9.62( 0.0) 31.00 12.58( 59.4) 20.84( 32.8)12 9.60 9.26( 3.5)
Figures in brackets represent the % of Mg reduction after culture.
Figures in brackets being underlined represent the % of Mg increases
after culture. CS: conc. of sludge EM: extraction methods
EH: extractant pH M1: homogenizing method M2: shaking method
M3: autoclaving method DS: digested sludge extracts
DS, CHLOR. : digested sludge extracts after Chlorell.a culture
DS, CHLAM. : digested sludge extracts after Chlamydomonas culture
AS: activated sludge extracts
AS, CHLOR. : activated sludge extracts after Chlorella culture
AS, CHLAM : activated sludge extracts after Chlamydomonas culture.
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For the remaining heavy metals, Mn, Fe, Cu, Zn and
Cr (Tables 3.18 - 3.22), there was a common decrease in
.all media after algal culture. The decrease of Mn in
the media after Chlamydomonas culture was higher than
that after Chiorella culture especially in the activated
sludge. extracts. The reduction of Fe content (Table 3.19`)
due to two different algal species was similar. Higher
reduction was found in the media extracted at pH 4.5
and 7. The reduction of Fe content in the activated
sludge extracts were generally higher than the digested
sludge extracts. The similar reduction pattern observed.
in iron content was also found in the changes of other
.metals in many media after culture. The content of Cu
and Cr sometimes even dropped to the undetectable limit.
The reduction of Cu content after Chlamydomonas culture
was greater than the media after Chlorella culture.
However, in Cu, Zn and Cr, the reduction only represented
the major pattern of metal changes after algal culture,
minor changes such as slightly increase or no change
of these metals had also been observed in some media
especially in the digested sludge extracts cultivated
with Chlamydomonas.
3.5 Discussion
The growth rates of Chlorella pyrenoidosa and ChlamY-
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Table 3.18 The manganese (Mn) content (mg/1) of the
media before and after algal culture.
AS, CHLAM.AS. CHLOR.ASEH DS, CHLAM.DS, CHLOR.DSEMCS
0.39( 11.5) 0.33( 25.4)1.75 1.26( 2.8) 0.70( 60.0) 0.45Ml 22%
0.37( 19.1) 0.07( 85.5)0.31 0.43(5.8) 0.46( 77.7) 0.464.5
O.19( 25.5 )0.26 0.37 ( 42.3) 0.40( 53.9) 0.15 0.22(42.5)7
0.01(66.7) 0.03 0.07(127.6) 0.14(386.3)nd0.0312
2.21 1.30( 41.5) 1.28( 42.1) .0.52 0.47( 9.6) 0.52( 0 )M2 2
0.32 0.49( 53.1) 0.46( 43.8) 0.31 0.19( 37.1) 0.07( 78.4)4.5
0.23 0.51(121.7) 0.55(139.1) 0.13 0.14( 9.3) 0.09( 30.2)7
0.07( 61.0) 0.03( 35.4)0.03 0.03( 0 ) 0.02( 33.3) 0.0412
0.52 O.37( 29.0) 0.50( 4.8)2.29 2.03( 11.6) 1.11( 51.5)2M3
0.19 0.02( 92.2) 0.04( 78.7)0.46 0.20( 56.5) 0.03( 93.5)4.5
0.14 0.02( 89.4) 0.02( 89.4)0.54 0.32( 40.7) 0.03( 94.4)7
0.02( 60.0) 0.05 0.12(118.9) O.09(71.7)0.05 0.03( 40.0)12
1.65( 19.1) 1.15 0.97(15.1) 1.09( 4.8)2.04 1.56( 23.5)Ml 26%
0.82( 60.8) 0.20 0.13( 37.3) 0.18( 12.3)0.51 0.83( 62.8)4.5
0.84( 68.0) 0.45 0.40( 11.2) 0.33(25.4)0.50 0.71( 42.0)7
0.09 0.12( 27.5) 0 .07( 27.5)0.04 0.07( 75.0) 0.06( 50.0)12
1.62 1.20( 25.9) 1.24( 23.5)2.67(17.6)2.27 2.25( 0.1)M2 2
1.15( 10.6) 0.77 0.40( 48.8) 0.03( 95.7)1.04 1.15( 10.8)4.5
1.06( 2.9) 0.82 0.45( 45.9) 0.07( 92.0)1.03 0.79( 23.3)7
0.14 0.16.( 9. 9) 0.07( 53.2)0.09 0.05( 44.4) 0.05( 44.4)12
2.75(1.4) 1.41 0.77( 45.0) 0.09( 93.6)M3 2..71 3.26( 20.3)2
0.21( 80.0) 0.52 0.17( 67.9) 0.18( 65.8)1.05 0.75(28.6)4.5
0.13( 88.2) 0.43 0.12( 73.2) 0.09( 79.1)1.06 0.77( 27.8)7
0.07( 12.5) 0.03 0.02( 48.3) 0.07(127.6)12 0.08 0.15(87.5)
Figures in brackets represent the % of Mn reduction after culture.
Figures in brackets being underlined represent the % of Mn increases
after culture. CS: conc. of sludge ELI: extraction methods
EH: extractant pH Ml: homogenizing method M2: shaking method
M3: autoclaving method' nd: not detected DS: digested sludge extracts
DS, CHLOR. : digested sludge extracts after Chlorella culture
DS, CHLAM. : digested sludge extracts after Chlamydomonas culture
AS : activated sludge extracts
AS, CHLOR. : activated sludge extracts after Chlorella culture
AS, CHLAM. : activated sludge extracts after Chlamydomonas culture.
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Table 3.19 The iron.(Fe) content (mg/1) of-the media
before and after algal culture.
EHCS EM DS DS, CHLOR. AS, CHLAM.DS, CHLAM. AS AS, CHLOR.
0.23N1 2%2 0.01( 95.7) 0.10( 56.5) 0.51 0.12( 76.5) 0.17( 66.6)
0.06 0.09( 50.0) 0.14(133.3) 0.514.5 0.12( 76.5)0.22( 56.9)
0.03 0.10(233.3) 0.05( 66.7) 0.43 0.46( 85.8)7 0.28( 36.1)
12 0.32nd 0.17 0.12 0.15( 23.3) 0.10( 20.8)
0.16 0.03( 81.3) 0.17( 6.3)M2 2 3.55 O.17( 95.2) 0.12( 96.6)
0.12 0.08( 33.3) 2.36 0.34( 85.6) 0.28( 88.4)4.5 0.01( 95.8)
0.14 0.05( 64.3) 2.24 0.34( 84.8)7 0.08( 42.9) O.55 75.7)
12 0.02 0.55(26 .0) 0.29(135.0) 1.03 0.72( 30.6) 0.75( 27.7)
0.82 0.77( 6.1) 0.94( 140)M3 2 7.20 O.35 95.1) 0.50( 93.1)
0.93( 86.8) 0.22 0 .1 ( 25.0) 0.31( 38.6)7.02 0.63( 91.0)4.5
1.20( 65.9) 0.22 0.16( 29.1) 0.37( 65.9)3.527 1.78( 49.4)
1.85 1.86( 0.1) 1.81( 2.2) 0.17 0.17( 2.9) 0.41(140.6)12
1.89 0.14( 92.6) 0.30( 84.1) 1.87 0.12( 35.8) 1.41( 24.4)6% M1 2
0.08 0.14( 75.0) 0.20(150.0) 0.72 0.22( 69.4) 0.23( 68.8)4.5
0.03 0.01( 83.3) 0.18( 05 0.0) 0.46 0.45( 10.9) 0.22 ( 52.2)7
0.12 O.05( 56.3.) 0.14( 16.7) 0.22 o.16( 29.6) 0.28( 2 )12
0.62 0.05( 91.9) 0.14( 77.4) 7.66 0.19( 97.5) 0.43( 94.4)M2 2
0.21 0.01( 97.6) 0.12.( 42.9) 3.63 0.28( 92.4) 0..56( 84.6)4.5
0.11 0.05( 54.6) 0.16( 4 5.5) 2.60 o.17( 93.5) 0.43( 83.5)7
1.12 2.59(130.8)12 0.07 0.01( 92.9) 0.05( 28.6) 0.76( 32.1)
1.25( 87.3)M3 4.04 0.92( 77.4) 0.93( 77.0)2 9.87 2.39( 75.8)
5.60( 25.3) 3.89 0.40( 89.9) 1.91 51.0)7.50 2.20( 70.8)4.5
3.35( 27.2) 0.65 0.56( 14.0) 0.41( 36.3)7 4.60 4.25( 7.6)
2.32( 26.6) 2.77( 12.3) 0.40 0.46(14.9) 0.36( 10.3)12 3.16
Figures in brackets represent the % of Fe reduction after culture.
Figures in brackets being underlined represent the % of Fe increases
after culture. CS: conc. of sludge ELI: extraction methods
EH: extractant pH Ml: homogenizing method M2: shaking method
M3: autoclaving method nd: not detected DS digested sludge extracts
DS, CHLOR. : digested sludge extracts after Chlorella culture
DS, CHLAM. : digested sludge extracts after Chlamydomonas culture
AS: activated sludge extracts
AS, CHLOR.•: activated sludge extracts after Chlorella culture
AS, CHLAM. : activated sludge extracts after Chlamydomonas culture.
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Table 3.20 The copper (Cu) content (mg/l) of the
media before and after algal culture.
EH AS. CHLAM.AS, CHLOR.ASDS, CHLAM.DS, CHLOR.EM DSCS
0.08 0.11( 37.5) 0.09( 12.5)N1 0.06 nd22% 0.06( 0 )
0.08 0.ll( 37.5) 0.11( 37.5)0.09 nd 0.06( 33.3)4.5
ndnd0.110.06 0.02( 66.7) 0.06( 0 )7
0.17 0.19( 11.8) 0.12( 29.4) 0.34 0.30( 13.2) 0.21( 39.7)12
0.08 0.ll( 37.5) 0.08( 0 )0.06M2 2 0.02(233.3) 0.06( 0 )
nd0.14 nd0.12(260.9)0.04 0.04( 0 )4.5
ndnd0.210.08 nd 0.09( 12.5)7
0.69 0.25( 64.5) 0.21( 70.3)0.4212 0.23( 45.2) 0.23( 45.2)
0.01( 85.7) 0.11 0.08( 27.3) 0.08( 27.3)nd0.07M3 2
0.01( 88.9) 0.14 0.11( 21.4) 0.03( 78.6)nd0.094.5
nd0.08 0.01( 86.3)nd0.12 0.06( 50.0)7
0.16 0.18( 12.5) 0.18( 12.5) 0.39 0.25( 34.9) 1.44(269.2)12
0.02(100.0) 0.14 0.08( 42.9) 0.08( 42.9)nd0.046% MI 2
0.08 0.03( 62.5) 0.08( 0 )0.08 0.02( 75.0) 0.11( 37.5)4.5
0.08 0.03( 62.5) 0.08( 0 )0.06 0,06( 0 ) 0.04( 33.3)7
0.12( 14.3) 0.33 0.29( 13.6) 0.21( 37.9)0.14 0.12( 14.3)12
0.08 0.11( 37.5) 0.06( 25.0)nd0.06 0.04( 33.3)M2 2
0.08 0.08( 0)nd 0.08( 0 )0.08 0.08( 0 )4.5
0.080.11 0.09( 18.2) 0.08( 0 ) 0.11( 37.5)0.06( 45.5)7
1.38 0.44( 68.2) 0.37( 73.2)0.27 0.26( 3.7) 0.33( 22.2)12
0.14 0.08( 42.9) 0.03( 78.6)nd0.02 0.02( 0 )M3 2
nd 0.03 0.08(166.7) ndnd0.084.5
0.08 0.06( 25.0)0.12 0.09( 25.0) 0.06( 50.0) 0.11( 37.5)7
0.21 0.69(228.6) 0.65(209.5)0.12( 25.0)0.16 0.12( 25.0)12
Figures in brackets represent the % of Cu reduction after culture.
Figures in brackets being underlined represent the % of Cu increases
after culture. CS: conc. of sludge EM: extraction methods
EH: extractant pH Ml: homogenizing method M2: shaking method
M3: autoclaving method nd:-not detected DS: digested sludge extracts
DS, CHLOR. : digested sludge extracts after Chlorella culture
DS, CHLAM. : digested sludge extracts after Chlamydomonas culture
AS: activated sludge extracts
AS, CHLOR. : activated sludge extracts after Chlorella culture
AS, CHLAM. : activated sludge extracts after Chlamydomonas culture.
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Table 3.21 The zinc (Zn) content (mg/1) of the media
before and after algal culture.
AS, CHLAM.AS, CHLOR.ASDS, CF1LAM.EH DS, CHLOR.DSEMOs
9.71( 8.1)0.53( 86.1) 10.56 3.53( 66.6)M1 2 3.80 1.08( 71.6).2%
1.03 71.9)0.55 0.83( 50.9) 0.99( 80.0) 3.66 0.88( 76.0)4.5
1.08( 11.9)1.22 1.29(5.7)0.47 O.85( 80.9) 0.99(110.6)7
0.85 o.36( 57.7) 0.42( 50.6)0.22 0.11( 50.0) 0.18( 18.212
8.27 4.06( 51.0) 11.75 42.11.29( 64.0) 1.46( 59.2)M2 2 3.58
0.67( 47.8)0.45 o. 54( 20.0)0.56 0.69( 2 .2) 0.47( 16.1)4.5
0.15 0.13( 16.7) 0.92(510.0)0.51 0.81( 58.8) 0.61(19.6)7
0.59 0.24( 59.3) 0.41( 30.5)0.24 0.21( 12.5) 0.28( 16.7)32
17.02 4.95( 70.9) 3.78( 77.8)1.51 0.62( 58.9) 1.14( 24.5)2M3
0.81 0.23( 71.6) 0.28( 65.4)0.19( 61.2)0.49 0.12( 75.5)4.5
0.19 0.23( 18.4) 0.21( 10.5)0.42 0.17( 59.5) 0.18( 57.1)7
0.29 0.24( 17.2) 0.15( 48.3)0.46( 18.0)0.39 0.45(15.4)12
15.39(26.4)1.08( 89.0) 1.49( 84.8) 20.91 13.74( 34.3)2Ml6% 9.81
1.56 1.28( 18.0) 0.83( 47.1)0.75 1.32( 76.0) 1.10( 46.7)4.5
1.12( 69.7) 1.10( 70.3)3.700.61 0.89( 45.9) 1.07( 75.4)7
0.69 0.19( 72.6) 0.30( 56.5)0.20( 25.0)0.16 0.16( 0 )12
15.10 8.40( 44.4) 22.43( 48.5)2.25( 59.1)M2 2 5.50 0.49( 91.1)
0.99 0.50( 49.1) 0.42( 58.1)0.78 0.58( 25.6) 0.81( 3.9)4.5
0.48 0.50( 5.0) 0.36( 25.0)0.71( 10.9)0.64 0.57( 10.9)7
0.33 0.70(112.1) 0.73 (119.7 )0.19( 29.7)0.27 0.21( 22.2)12
28.71 9.34( 67.5) 12.73( 55.7)0.71 0.98( 27.6) 0.59( 39.8)M3 2
0.62 0.18( 71.8) o.33( 46.8)0.62 0.22( 64.5) o.36( 41.9)4.5
0.56 0.18( 68.8) 0.47( 16.1)0.36( 28.0)0.50 0.27( 46.0.)7
0.29 0.06( 74.1) 0.19( 34.5)0.13( 58.1)0.31 0.24( 22.6)12
Figures in brackets represent the % of Zn reduction after culture.
Figures in brackets being underlined represent the % of Zn increases
after culture. CS: conc. of sludge EM: extraction methods
EH: extractant pH Ml: homogenizing method M2: shaking method
M3: autoclaving method' nd: not detected DS: digested sludge extracts
DS, CHLOR. : digested sludge extracts after Chlorella culture
DS, CHLAM. : digested sludge extracts after Chlamydomonas culture
AS: activated sludge extracts
AS, CHLOR. : activated sludge extracts after Chlorella culture
AS, CHLAM. : activated sludge extracts after Chlamydomonas culture.
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Table 3.22 The chrominum (Cr) content( mg/l) of the
media before and after algal culture.
AS, CHLAM.AS, CHLOR.ASDS, CHLOR. DS, CHLANN.DSEHEMCS
0.27( 21.3)0.09( 10.0) 0.35 0.10( 71.8)0.10 0.21(110.0)N1 22%
0.10 0.03( 68.4) 0.06( 35.7)0.08 0.09( 12.5) 0.05( 37.5)4.5
nd0.09 0.05( 47.2)0.240.16nd7
0.08 0.03( 67.1) 0.07( 7.6)ndndnd12
0.69 0.10( 86.0) 0.33( 52.0)nd0.38 0.19( 50.0)M2 2
0.11( 66.0)0.11( 21.4) 0.31 0.13( 58.9)0.14 0.05( 64.3)4.5
nd0.27 0.ll( 59.3)0.27 0.17( 37.0) 0.14( 48.2)7
0.17 0.15( 15.0) 0.10( 43.9)ndnd0.1012.
nd0.09( 66.7) 0.51 0.70( 36.8)0.27 0.32( 18.5)2M3
nd0.47 0.31( 34.5)nd 0.04( 76.5)0.174.5
nd0.10( 28.6) 0.27 0.21( 22.7)0.14 0.13( 7.1)7
0.14( 18.7)0.17 0.10( 40.4)0.020.21nd12
0.05( 83.3) 0.55 0.38( 30.7) 0.39( 30.5)0.30 0.35( 17.3)M1 26%
0.35 0.15( 57.1) 0.16( 53.0)0.11( 10.0) 0.12( 20.0)0.104.5
0.27 0.05( 80.2) 0.20( 27.8)nd0.05nd7
0.07 0.04( 51.4) 0.09( 14.9)nd0.07nd12
0.85 0.35( 59.3) 0.50( 41.5)0.14( 69.6) O.14( 69.6)0.46M2 2
0.12( 61.3) 0.55 0.39( 29.8) 0.27( 50.7)0.31 0.27( 12.9)4.5
0.47 0.60( 29.0) 0.16( 65.0)0.05( 82.8)0.29 o.14( 51.7)7
0.13 0.24( 78.8) 0.07( 44.7)nd 0.11( 42.1)0.1912
0.79 0.51( 35.5) 0.50( 37.2)nd4.40 0.20( 50.0)M3 2
0.32( 88.2) 0.47 0.10( 79.1) 0.27( 41.3)nd0.174.5
0,50( 60.8)0.31 0.35( 14.6)0.14(133.3)nd0.067
0.24 0.14( 39.4) 0.15( 35.2)ndnd0.0412
Figures in brackets represent the% of Cr reduction after culture.
Figures in brackets being underlined represent the% of Cr increases
after culture. CS: conc. of sludge EM: extraction methods
EH: extractant pH Ml: homogenizing method M2: shaking method
M3: autoclaving method nd: not detected DS: digested sludge extracts
DS, CHLOR.: digested sludge extracts after Chlorella culture
DS, CHLAM.: digested sludge extracts after Chlamydomonas culture
AS: activated sludge extracts
AS, CHLOR.: activated sludge extracts after Chlorella culture
AS, CHLAM.: activated sludge extracts after Chlamydomonas culture.
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domonas reinhardii were closely related to the chemical
composition of the culture media which had been discussed
in previous chapter. The sludge extracts because of
their high contents of protein, carbohydrate, lipid,
nitrogen appeared to be excellent culture media can
provide better Chlorella growth than the Bristol's medium.
Their relatively low amount of phosphate and K appeared
to be adequate for maintaining the culture period of
14 days. If the phosphate content was higher, the growth
rate of Chlorella could be higher. It was found that
6% digested sludge extracts which had higher phosphate
content could support better Chlorella growth than the
corresponding 2% extracts. These results showed that
nutrient deficiency was not the major factor accounted
for the different Chlorella growth rate. The results
also coincided with those found by Lund (1965). In his
study, he revealed that several phytoplanktons can
flourish in waters containing very low concentrations
of phosphorus. They can store phosphorus in excess
of immediate needs. Krauss (1958) also found that growth
continued until the phosphorus content dropped to 1 x10-7
pg per cell. Moreover, it was found that Chlorella
pyrenoidosa were capable of assimilating phosphate from
the medium in the dark to satisfy the phosphorus debt
thus incurred, though cells grown in a complete medium
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did not assimilate phosphate in the dark (Ketchum, 195k).
On the contray, the excess nitrogen and heavy metal
contents were more likely to be the major factors limiting
the algal growth. For example, the media extracted at
pH 2 which consisted the highest heavy metal contents
yielded the lowest growth rate of Chlorella. The auto-
claving media because of their high contents of Mg, Mn,
Fe, Cu and Zn, Chlorella growth was :also relatively low.
Chlorella are very sensitive to the heavy metal toxicity.
It has been revealed that heavy metals especially Cu
(0.0 to 0.6 mg/1), Zn (0.1 to 11.2 mg/1) and Mn (3 to
50 mg/1) could greatly inhibit the cell division rate,
the photosynthesis, the carbon uptake and respiration.
Chlorosis and even cell lysis were common phenomena due
.to the metal toxicity (Hassall, 1963 McBrien and Hassall,
.1967 Kanazawa and Kanazawa, 1969 Nielsen and Nielsen,
1970 Gibson, 1972 Rabe et al., 1973 DeFillips and
Palilaghy, 1976a and b Aro and Valanne, 1978 Christensen
and Scherfi g, 1979). On the other hand, the Chlorella
growth in pH 12 media though very rapid but the growth
pattern was very different from the control, it might
be. due to the release of NH3 from the media inserted
its harmful effects at the latter stage. It has been
found that photosynthesis of Chlorella pyrenoidosa and
183
other species were susceptible to ammonia inhibition
due to their effect on the normal function of chloro-
plasts. Dark respiration and cell morphology were
affected by ammonia (Abeliovich and Azov, 1976). From
the results of different growth curves of Chlorella
pyrenoidosa, it is suggested that only the sludge extracts
with sufficiently high nutrient contents and low concen-
tration of heavy metals can support better algal growth.
Excess nitrogen or metals both limited the nutritive
value of the sludge extracts. Therefore, superior
Chlorella growth only occurred in 20/% activated sludge
and 6% digested sludge extracted by shaking or homogenizing
at pH 4.5 and 7 which was due to adequate nutrients and
a comparatively low heavy metal contents. In other
words, the growth rate of the Chlorella cells directly
reflected the chemical composition of the culture media
and Chlorella or other algal species have been used as
indicators for the degree of water pollution. Recently,
it has been demonstrated that Chlorella pyrenoidosa
cultivated in the water extracts of several soil types
reflected the chemical fertility of the soil (Wong and
Chung, in press) .
The results found in this study also showed that
the uptake of nutrient and metal contents in the Chlorella
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cells were closely related to the chemical composition
of the culture media and growth rates of the cells. The
cells cultivated in the media with very high metal contents
also accumulated higher metal contents, eg. Chlorella
grown in pH 2 extracts had relatively high Cr, Zn, Mn
and Fe contents. However, the differences in the metal
uptake by Chlorella cells in various culture media were
not very significant though all the sludge-grown cells
contained higher metal contents than the control. Futher-
more, algal cells grown in 2% and 6% sludge extracts 'had
a similar amount of metal uptake. This evidence suggested
that Chlorella cells might have the ability to accumulate
the heavy metals in the initial growth period, and also
had mechanisms to regulate the total amount of the metal
accumulated in their cells. When the tissue metal concen-
trations reached a certain limit, the cells will have
some mechanisms to minimize the metal uptake. It has
been found that many microorganisms have. the tolerant
mechanisms to resist the heavy metal toxicity. Many
of the detoxification mechanisms occurre'widely in the
microbial world includ the binding of metals to organic
materials produced by the cells, intracellular precipit-
ation of the metals after uptake, complexation and ionic
interaction and transformation bf*the heavy metals into
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nontoxic substances are common in many microorganisms
(Stokes et al., 1973 Jensen et al., 1974 DeFilippis
and Pallaghy, 1976 Gadd and Griffiths, 1978). Moreover,
the algal species grown in the contaminated media are
found to be more tolerant to the pollution than the
laboratory strain of similar algae (Stokes et al., 19'73)
In the present investigation, the tolerance of the
Chlorella cells or Chiamydomonas cells to the unfavourable
condition had been observed in the media extracted at
pH 7 and 12. In each of these extracts, there was a
flattened gap between the initial and the final exponen-
tial growth phases (day 4 to day 10) with no growth.
This suggested that the'media became unfavourable for
the algal, growth after four days, possibly due to the
excess metal contents. However, certain cells had the
mechanisms to tolerate the high contents of metal and
survived and the latter exponential phase reflected the
success and rapid growth of these cells. It has also
been found that the metal uptake by Chlorella cells and
the heavy metal toxicity is intimately connected with
the nutrient level of the medium (Hannan and Patouillet,
1972) and the interactions between metal ions (Christensen
and Scherfig, 1978).
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There are two main types of metal uptake by organ-
isms. The first involves non-specific binding of the
metal to cell surfaces, slime layers, extracellular
matrices, etc., whereas the second involves metabolism-
dependent intracellular uptake which is the energy-requir-
ing processes. Medium with a low phosphate content
always increase the toxicity of metal to algae (Mononhan,
1976). The protein content of medium also influences
the metal toxicity. The polypeptides of N released
during protein digestion can bind the Cu ions and so
reduce the Cu toxicity (Nielsen and Nielsen, 1970).
Besides the nutrient effect, the interactions between
the metals like manganese, copper and lead also influence
the toxicity of heavy metals. The synergistic effects
between manganese and copper, antagonism between manganese
and lead, and antagonism between copper and lead in the
culture of Selenastrum and Chlorella have been demonstrated
(Christensen and Scherfig, 1979). Moreover, the Cu
toxicity on the growth of Chlorella 'pyrenoidosa was also
reduced by the high concentration of Fe in the medium
(Nielsen and Nielsen, 1970).
The effect of metal toxicity also related to the
initial cell concentration and the age of the cells.
If the initial cell-concentration is higher or the culture
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is old, the toxicity of Cu is lower because the extra-
cellular secretion which reduces the metal uptake by
the cells (Nielsen and Nielsen, 1970). Therefore, the
metal toxicity or the lethal concentration of any metal
on algal growth is greatly depende(on many other environ-
mental factors. As a consequence, it is.difficult to
determine the toxic level of metals too-j Chlorella growing
in sludge extracts. Similarly, the amount of metal
taking by the cells though related to the metal content
in the medium the relationship between tissue content
and medium content is neither straightforward nor simple.
In the present study, the exact correlation-between the
metal content of Chlorella cells and the medium has not
been fully investigated.
The different growth patterns between the two algal
species suggested that the nutritive values of sludge
extracts in support algal growth were species specific..
The extracts seemed to support better Chlorella growth
than Chlamydomonas. Furthermore, the growth of Chlamy-
domonas reinhardii in most sludge extracts were relatively
lower than those grown in the control medium. The extracts
appeared to be unable to support the normal Chlamydomonas
growth after the 8 days culture. The rather low phosphate
content might not be adequate for Chlamydomonas growth.
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The effect of excess nitrogen found in these extracts
might also release a high NH3 content and so inhibit
the cell growth. The high metal contents in these
extracts might insert its harmful effects. Chlorella
pyrenoidosa is able to adapt adverse environmental
factors, eg. it showed excellent growth in aqueous ex-
tracts of food processing wastes including barley and
soybean (Wong, 1977, Wong and Iai, in press) and in
the effluent of a fertilizer factory (Rai and Kumar, 1976)
Chlamydomonas reinhardii used in this experiment was more
susceptible to the adverse characteristics of the sludge
extracts. If this species was used to indicate adverse
environmental conditions, it would serve as a sensitive
biological indicator.
The yield and the nutrient composition of the sludge-
grown algae were found to. be greater than those growing
in the control medium) although in some extracts the
growth rate, determined by cell count, was lower. The
contradiction between the results of the cell count
and the final yield in the media extracted at pH 2 and
12 may be explained by the fact that in these media
the cells appeared to be very large in size, undivided,
and some cells even had lysis and chiorosis . The extra-
cellular products and the debris of the dead cells may
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account for the high value of the dry weight and the
low number of cell. The high protein content, carbo-
hydrate, yield and other nutrient contents of the algal
cells fluctuated widely. For instance, the protein
content of Chlorella and Chlamydomonas cells after 10-
14 days culture in different sludge extracts had values
ranging from 30-90%. This suggested the possibility of
controlling the nutritive value of cells grown in sludge
extracts. The result. is coincided, with
reported by Spoehr and Milner (1949) and Gordon (1970)
who showed that the chemical composition of an organism
such as Chlorella pyrenoidosa was influenced by the
culture conditions employed, and it was possible to con-
trol these conditions so that a protein content of about
50% . could regularly to be attained. In the present
iivestigation, it was found that the protein content
of cells grown in the media extracted at pH 4.5 and 7
are higher than 50% and it may be possible to use sludge
as .new unconventional protein source via algae.
The analysis of the chemical composition of the
sludge extracts after algal culture showed that there
was common reduction of inorganic nutrient and metal
content in all extracts. The reduction after Chlamydomonas
growth was even more obvious than after Chlorella growth.
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These results further proved that the growth of algae
required the inorganic nutrients and metals from the
culture media. The normal requirements for Chlorella
was found by Ketchum (1954), for every 100 parts by
weight of carbon, about the following amounts of other
major nutrients are required: N-15 P-5.Mg-2.5 K-18
5-16. The amount of micronutrients required by normal
Chlorella growth was found as follows:- 30 pg Fe, 2.5 fug
Mn, 4.5 pg Zn and 10 pg Ca per gram dry weight of algae
Krauss, 1958). The great reduction (generally over 50%)
of heavy metals in the media and the high metal concen-
tration found in the algal tissues suggested that the
algal cells can uptake more metals than their require-
ment. These excess metals will be accumulated in their
tissues. Krauss (1958) also reported heavy adsorption
of Mn by algal polysaccharides.
The algae can be used as a pollution purifying agent,
for reducing the heavy metal contents. On the other hand,
the common increase of carbohydrate and lipid content
in media after the algal culure can probably -due to
the addition of extracellular products during the growth
period. The increases were more obvious in media extracted
at high or low pH in which the cell growth was limited
and cell lysis was observed. Cells might excrete more
191
carbohydrate and lipid to the medium.
Besides using as a purifying agent, the algal cells
can also be used as a new protein source if they are
grown in an optimum medium. A suitable medium will
provide a rapid algal growth with maximum yield, high
protein content but a minimum heavy metal accumulation.
Among all the sludge extracts being studied, the follow-
ing extracts appeared to be better for Chlorella growth:
6% digested sludge extracts obtained by shaking at pH
4.5 and 7 2% activated sludge extracts obtained by
shaking at pH 4.5 and by homogenizing at pH 7. The
growth rate, yield, protein, carbohydrate and chlorophyll
content of the Chlorella cells grown in these extracts
were comparatively higher. When comparing the metal
content of Chlorella cells grown in these four extracts,
it was found that cells grown in 6% digested sludge
extract obtained by shaking at pH 7 and 2% activated
sludge by shaking at pH 4.5 had a comparatively minimum
metal content than those grown in the other two media.
Therefore, the former two extracts would be more suitable
for mass cultivation and as a protein source or supple-
mentary foodstuffs. The algal products obtained from
the latter two media may provide better experimental
materials for studying the metal toxicity and transferance
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in higher trophic levels. Thus semi-mass production
of Chlorella would be conducted in these four extracts
respectively. The procedure and results will be discussed
in following chapter. Similarly, for the mass cultivation
of Chlamyydomonas, four sludge extracts were selected:
6% digested sludge obtained by shaking at pH 4.5, 2%
activated sludge by shaking at pH 4.5, 6% digested sludge
by homogenizing at pH 7 and 2% activated sludge by
shaking at pH 7. The former two extracts provided
satisfactory Chlamydomonas growth with maximum yield,
protein, chlorophyll and carbohydrate content but a
minimum metal uptake while the latter two media supported
cells with nutritive values similar to the above cells
but with a higher metal accumulation. Semi-mass culti-
vation of Chlamydomonas in these four extracts would
values of algal cells and the route of the metal trans-
fer from algae to other organisms.
also be studied in order to determine the nutritive
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CHAPTER 4
UTILIZATION OF THE WASTE-GROWN ALGAE IN
REARING SHRIMPS AND FISH
4.1 Introduction
In view of the problem of the worldwide shortage
for protein, many unconventional foodstuffs have been
investigated as potential proteiu sources for man and
animal. Mass cultivation of unicellular algae in sludge-
extracts which contain very high nutrient contents may
be an interesting and promising way to produce the single
cell protein. In fact, utilization of algae as the major
foodstuffs for many aquatic organisms has been found to
be a new direction in solving the future food problem.
As the primary producer in simple aquatic food chains,
algae are found to be the basic food material for zoo-
plankton, crustaceans and fish and the growth of algae
directly governs the productivity of the aquatic eco-
system. The growth amount and composition of shrimps
(Mason, 1963 sorgeloos and Persoone, 1975 Sick, 1976)
and fish (Reed et al., 1974 Meske and Pfeffer, 1977
Meske, 1978 Shelef et al., 1978) are closely related
to the algal chemical composition and algal cell volume
being used.
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The present investigation attempted to quantify
the possibility of using algal products growing in
sludge extracts as the major foodstuffs for rearing
shrimps and fish in the laboratory. The differences
in the nutritional value and mineral composition of the
shrimps and carps due to the differences of the foodstuffs
were also studied. A freshwater shrimp,
which is commonly found in freshwater.streams and fish
ponds in the New Territories of Hong Kong was chosen
because it is one of the principal species for rearing
fish and is also a detritus-feeder, and being easily
cultivated in artificially. A freshwater fish, the
common carp Cypinus carpio L. was also selected because
it is one of the most important species for local con-
sumption. It is an omnivore which eats both plant and
animal tissues.
4.2 Literature review
Mass cultivation of unicellular algae in sewage
effluents and sludge-extracts is an interesting and
one of the promising ways to produce single cell proteins,
The use of unicellular algae ?especially Chlorella as
a protein supplement for an expanding world population
have been studied for a long time by Spoehr and Milner
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since 1947 krauss, 1962 Gordon, 1970). Many nutrit-
ional studies have demonstrated that chicks fed on
algae are not toxic and are fit for human consumption
(Anon, 1977). Superior growth of chicks was observed
in the groups fed with 10% Chlorella added in their
basal diet (Combs, 1952). Algae can also-be used as
a protein supplement for human diet (Powell et al., 1961
Gordon, 1970 Waslien et al., 1970 Tayor and Senior, 1978).
However, the use of algae in the diet of higher organisms
is not very promising, some results indicated that the
chicks and rats fed on algal diet had inferior growth
when compared with normal groups because of the amino
acid deficiencies and low digestibility (Leveille et al.,
1962). The use of algae in human diet is also limited
because the high nucleic acid content in algae will
cause abnormal urinary uric acid excretion in men (Waslien
et al, 1970) . The low digestibility of algae is another
problem.(Gordon, 1970), Therefore, the direct use of
algae as human feed is not optimistic . Another new
direction of algal utilization has received attention.
It has been revealed that algae can be used as the major
feedstuffs for many lower aquatic organisms. Algae
are the primary producers in aquatic ecosystems,
and they are the basic food materials for zooplanktons,
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crustaceans or even fish and directly govern the product-
ivity of the aquatic ecosystems. The growth rate, yield,
egg production and chemical composition of many zooplanktons
particular Daphnia and rotifers are closely related to
their diet. Many experiments in Japan revealed that a
marine species of Chlorella is a suitable and excellent
food for mass production of the rotifers (Hirayama et al.,
1979). The fecundity, population growth rate and yield
of rotifers grown on many species of algae were increased
(Hirayama and Nakamura, 1976). The biochemical composition,
protein, lipid and carbohydrate contents of rotifers can
only retain in a high level with the addition of algae
to the growth tank (Scott and Baynes, 1978). Similarly,
the growth and chemical composition of Daphnia are also
related to the algal content which they consumed (Cowgill,
1976). Moreover, the growth, development and survival
of many crustaceans such as brine. shrimp, Artemia salina,
depended on the amount of algal food. The growth rate of
Artemia salina, either larvae or adult, increase with the
.increased amount of food (Mason) 1963 Sorgeloos and
Persoone, 1975). The effect of algal chemical compos-
ition, algal cell volume and assimilation efficiency on
growth, development and survival of Artemia salina juveniles
has been investigated (Sick, 1976). His studies demon-
strated that hihest rates of growth occurred among
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Artemia salina fed, algal cells with relatively large
protein and energy reserves. Conversely „high in ash
and low in protein and lipid reserves, yielded relatively
poor growth He concluded that patterns of organic com-
position in herbivorous zooplanktons are probably deter-
mined largely by the biochemical composition of phyto-
planktonic food.
Finally, unciellular algae can also be used as a
commerical fish meal and act as the main source of protein
.in complete foods. Many feeding tests have shown that algae
can replace 30-80% of the commerical fishmeal in carp
rations, with no significant effect on fish performance
(Meske and Pfeffer, 1977• Meske, 1978 Shelef et al.,
1978). Various strains of freshwater, unicellular green
algae (Chlorophyta) grown in oxidation pond waters have
the feasibility to support normal growth of catfish. The
small catfish fingerlings were able to utilize the algal-
supplemented feed (Reed et al., 1974). The phenomenon
that algae contributed significantly to the nutrient
content of Gammarus lacustris in the diet of subartic
fish population was also observed (Moore, 1977). There-
fore, algae can act as a supplemented fish feed to
supplement the expensive and scarce fishmeal (Meske
and Pfeffer, 1977) which had been treated as an essential
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component of commerical feed in the past. As a conse-
quency, the cost of rearing fish will be reduced and the
quality of fish produced can be improved because the amount
and the composition of the algal proteins can be controlled
by variations in the cultural conditions (Spoehr and Milner,
1949, Taub and Dollar, 1965).
4.3 Materials and method
Ten different types of algal suspension cultivated
in various sludge extracts (Table Li-.1) which consisted
very high nutritive values but comparatively low metal
contents were selected for mass cultivation. The mass
cultivation and harvesting methods are described in
Appendix 5.1. These ten types of algal products were
then used as the major foodstuffs for rearing shrimp
(the rearing methods are described in Appendix 5.2).
The commerical fish food, Eastern Staple Food (minimum
protein-46%, minimum fat 5% and minimum fibre 8%), was
used as the control feed. The six types of sludge ex-
tracts (Table 4.1) were also mixed with the commerical
fish food and served as feeding materials for rearing
shrimps. The body weights of the shrimps were determined
every 4 days, and the nutritive values, including contents
of protein, carbohydrate, lipid, phosphate, ash and
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Table 4.1 Various foodstuffs used for rearing shrimps.
I. Algal suspensions (10 ml per day, concentration: 5.57x10' cells/ml):-
culture. mediaalgal species
Alga 1 Chlamydomonas reinhardii 6% D.S. shaking pH 4.5 extract
Alga 2 C. reinhardii 6% D.S. homogenizing Ph 7 extract
Alga 3 C. reinhardii 2% A.S. shaking pH 4.5 extract
Alga 4 C. reinhardii 2% A.S. shaking pH 7 extract
Alga 5 C. reinhardii Bristol's medium
Alga 6 Chlorella pyrenoidosa 6% D.S. shaking pH 7 extract
Alga 7 C. pyrenoidosa 6% D.S. shaking pH 4.5 extract
Alga 8 C. pyrenoidosa 2% A.S. shaking pH 4.5 extract
Alga 9 C. pyrenoidosa 2% A.S. homogenizing pH 7 extract
Alga 10 C. pyrenoidosa Bristol's medium
II. 10 ml sludge extracts mixed with the commerical fish food:
Med. 1 6% D.S. shaking pH 4.5 extracts
Med. 2 6% D.S. homogenizing pH 7 extracts
Med. 3 2% A.S. shaking pH 4.5 extracts
Med. 4 2•% A. S. shaking pH 7 extracts
Med. 5 6% D.S. shaking pH 7 extracts
Med. 6 2•% A. S.. homogenizing pH 7 extracts
III. Commerical fish food alone (Eastern 6tapple r'ooca) : rjo
body weight per day.
D.S.: digested sludge A.S.: activated sludge.
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moisture of the shrimp flesh were also measured at k-
day intervals (Appendix 5.3).
Similar methods were also used for rearing carps
(Appendix 5-4). The various diets are shown in Table 4.2.
The growth rate of the carps was determined by measuring
the body weight at 5-day intervals. The contents of
protein, carbohydrate, lipid, phosphate, ash and moisture
of the carps' flesh were measured at 5-day intervals
(Appendix 5.5).
Statistical analysis (one-way analysis of variance
and Duncan's multiple-range test)(Appendix 5.6) were
employed to check the differences of nutrient contents
in shrimps fed by various foodstuffs.
4.4 Results
4,4.l Rearing of shrimps : -
4.4.1 .1 Growth rate of shrimps - The growth
rates of shrimps fed by different foodstuffs are illustrated
in Figs. 4.1.4.3. According to Fig. 4.1 , Chlamydomonas
suspensions: Alga 1 (cells grown in 6% digested sludge
by shaking at pH 4.5) and Alga 5 (cells cultivated in
Bristol's medium) provided similar amounts of shrimp growth
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Table 4.2 Various foodstuffs used for rearing fish
I. Algal suspensions (10 ml per day):-
algal species culture media
Alga 1 C. reinhardii 6% D.S. shaking pH 4.5 extracts
Alga 3 C. reinha.rdii 2% A.S. shaking pH 4.5 extracts
Alga 5 C. reinhardii Bristol's medium
Alga 6 C. pyrenoidosa 6% D.S. shaking pH 7 extracts
Alga 8 C. pyrenoidosa 2% A.S. shaking pH 4.5 extracts
Alga 10 C. pyrenoidosa Bristol's medium
.II. Sludze extracts mixed with the commerical fish food :-
Med. 1 6% D.S. shaking pH 4.5 extracts
Med. 3 2%. A. S. shaking pH.4.5 extracts
Med. 5 6% D.S. shaking pH 7 extracts
III . Flesh of shrimps (2% body weight per day):-
S 1 shrimps fed by commerical fish food
S 2 shrimps fed by Alga 1
S 3 shrimps fed by Alga 3
S 4 shrimps fed, by Alga 5
S 5 shrimps fed by Alga 6
S 6 shrimps fed by Alga 8
S 7 shrims fed by Alga 10
IV. Commerical fish food (Eastern Stapple Food) : 2/o body weight
per day.



















Fig.4.1 The growth rates of shrimps fed with different chlamydomonas suspensions.
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as the control diet. The other three types of Chlam -
domonas cells, supported slightly lower amounts of shrimp
growth. All groups maintained a rapid growth state after
3 weeks' culture, though their specific growth rates were
different. Fig. 4.2 showed the nutritive values of
Chlorella suspensions in the-shrimp culture. The Chlorella
cells provided lower amounts of shrimp growth. Among
the five kinds of Chlorella cells being used, Alga 8
(cells grown in 2% activated sludge by shaking at pH 4.5)
and Alga 10 (cells grown in Bristol's medium) were more
nutritive than the remaining three types. Alga 9 (cells
cultivated in 2% activated sludge by homogenizing at pH 7)
provided similar amounts of shrimp growth as the control
groups in the initial 12 days. However, the growth rate
decreased afterwards with the final amount much lower
than the control. The high metal contents in the algal
cells might be one of the important factors limiting the
.continuous growth of shrimps. A completeldifferent growth
pattern was found in shrimps fed by Alga 6 (6% digested
sludge by shaking. at pH 7).. In this group, the growth
rate of shrimps was the lowest at the initial period
(Day 1-16) but a rapid increase occurred after Day 16.
This suggested that Alga 6 had sufficient nutrients to
support the shrimp growth but the shrimp required a longer



















Fig. 4.2 The growth rates of shrimps fed with different chlorella cells.
205
fed by other four algal cells maintained a rapid growth
state except Alga 9. This indicated .that Chlorella
cells had the ability to support shrimp growth, though
the growth rates might be lower than those fed by the
commerical diet. The sludge extra-cts were found to have
certain effects on the shrimp culture according to Fig. 4.3.
Some extracts could provide a higher shrimp growth, e.g.
Med. 4 (2% activated sludge obtained by shaking at pH 7).
The increase of shrimp growth in this group might be explained
by the high protein and carbohydrate contents in the extract.
Med. 2 (6% digested sludge obtained by homogenizing at pH
7) had a similar growth rate as those fed by the commerical
diet. In the other four groups, the addition of sludge
extracts yielded lower growth rates, especially in Med. 5
(6% digested sludge obtained by shaking at pH 7) which
supported the minimum shrimp growth. The excess nitrogen
and heavy metal contents in Med. 5 were the main factors
in governing the growth rate. A longer lag phase was
required before a rapid growth was observed in all groups
of shrimps fed by mixtures of sludge extracts and the
commerical diet. In these groups, a rapid growth usually
occurred after Day 8, whereas after Day 4 in the control
group. This longer lag phase suggested that the addition
of sludge extracts modified the normal environment for




















Fig.4.3 The growth rates of shrimps fed with commercal fish food added with different sludge
extracts.
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normal growth could be sustained.
4.1.1.2 Nutrient contents of shrimps - The
changes of various nutritive components of shrimps during
3 weeks' culture period are shown in Figs. 4.1+ - 4.9.
A common increase of protein content in most groups from
Day 4-16 was noted. After Day 16, some of the groups
(such as the shrimps fed by Algae 1, 2, 3, 6 and 8 and
the sludge extracts, Med. 1 group), the shrimp protein
content decreased but the figures were still higher than
the control. In general, the pattern of protein changes
found in groups fed by different algal suspensions were
similar to each other and to the control group except
the one fed by the commerical fish food mixed with the
sludge extracts: Med. 6 (2 activated sludge homogenizing
pH 7 extract). In this group, the amount of protein
increased after Day 8 rapidly and was significantly higher
than the other groups.
Similar trends of the changes of shrimps' carbohydrate
contents in different groups were observed (Fig. Lf.5).
A common increase of carbohydrate content occurred as the
culture period increased, but the rate of increase was
different in different groups. The shrimps fed by Alga 1
had a relatively lower carbohydrate content and the rate
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Fig. 4.5 The changes of carbohydrate content in shrimps during culture period.
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increases in carbohydrate content and the changes were
similar to the control group. The groups fed by Alga 3
had a more peculiar pattern. The carbohydrate increase
during the first 8 culture days was lower than the other
groups but a sudden rise occurred after Day 8. After
Day 16 such increase dropped to the same level as other
groups. The changes of carbohydrate content in shrimps
fed by various Chlorella suspensions (Algae 6-10) could
be grouped into two patterns. Algae 6 and 10 showed a
rapid increase of carbohydrate content after 12 days while
other three groups had no substantial increases after
Day 8. The changes of carbohydrate contents in the groups
fed by supplemented sludge extracts were similar to the
control group though Med. 3 and 4, the amount of increase
was lower.
The pattern of lipid changes in various groups was
very different from the patterns observed in the above
two nutrients (Fig. 4.6) . The amount of lipid changes
fluctuated randomly during the culture period. The lipid
content at the end of the culture period was either the
same or even lower than at the beginning. Groups fed
by Chlorella suspensions contained a significantly lower
lipid content than the control as well as those groups fed
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the lipid content was either unchanged or decreased and at
the later stage (after Day 16), a common decrease was
observed in most groups. The fluctuation during the
culture period showed that as the shrimps grew, their
lipid contents did not increase at the same rate.
A_common increase of phosphate content was observed
between Day 4-16 (Fig. 4-7). The groups fed by algal
suspensions had very similar patterns. In the first
4 days, no changes in phosphate content were found. There
was a rapid increase between Day L-16,.and after Day 16,
the increase slowed down. In the groups fed by commerical
foodstuffs supplemented with sludge extracts, the pattern
.of phosphate changes varied widely. In Med. 1, 2, 3 and 6,
the patterns were similar to the group fed by algal sus-
pensions. In the other two groups, the rapid increase
of phosphate only occurred in either Day 4-8 or Day 8-12,
followed by'an unchanged period and finally the content
.rapidly decreased. The gradual increase of phosphate
content from Day 4-16 suggested that the commerical
foodstuffs could-provide sufficient amounts of phosphate
for a short-period shrimp growth, and the final decrease
in some groups might indicate the shortage of phosphate
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For the ash content (Fig. k.8), the changes in
different groups followed the same pattern with a grad-
ual increase during the culture period.
The moisture content (Fig. L..9) fluctuated randomly
during the growth period. The fluctuation was unrelated
to the different diets. A rapid drop in moisture content
was found in all groups on Day 8, followed by an increase
between Day 8 and Day 12. These results suggested that
the moisture content was closely related to the other fact-
ors such as temperature and relatively humidity.
The nutritive value of the shrimps after 3 weeks'
culture is summarized in Table 1.3. Specific growth
rate, contents of protein, carbohydrate, lipid, phosphate,
ash and moisture of shrimps fed by different kinds of
diets were compared. Statistical analysis showed that
there was significant difference in the growth rate.
Shrimps fed by the commerical fish food had a significantly
higher growth rate than those groups fed by the commerical
food mixed with sludge extracts. The shrimps fed by
algal suspensions appeared to have the lowest growth
rate. The values of specific growth rate for the control
group, groups fed by supplemented extracts, by Chlamydomonas
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Fig. 4.9 The change of moisture content in shrimps during culture period.
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Table 4.3 Nutritive values of shrimps fed by various
diets after the 3-week culture*
Moist.Prot. Lip. P04 AshSGR CHODiets
82.150.75 16.8469.870.037 2.71Alga 1 9.36
85.241.09 19.3365.540.013Alga 2 7.664.59
83.1918.590.540.013 70.57 4.11 5.87Alga 3
84.430.67 21.5910.0982.360.019 4.23Alga 4
84.0818.970.5789.890.055 5.544.24Alga 5
84.350.74 21.902.4880.440.030Alga 6 4.75
84.220.61 21.580.018 5.523.8376.02Alga 7
25.93Alga '8 81.510.781.720.037 73.36 3.67
84.250.44 22.171.480.015 3.0179.70Alga 9
82.690.75 21.261.1783.270.035Alga 10 4.22
80.6718.130.361.360.046Med. 1 4.4054.86
18.250.51 79.420.051Med. 2 4.554.64.78.80
89.0717.520.631.890.033 3.0992.47Med. 3
80.3515.560.482.2284.090.037 3.06Med. 4
85.220.46 ?3.7383.020.015 3.453.73Med. 5
87.5923.590.690.6589.846 0.029Med. 4.35
84.1818.110.756.410.047 87.19Control 4.38
final wt. initial wt.
SGR: specific growth rate
culture days
Prot.: protein content CHO: carbohydrate content
Lip. lipid content PO : 4 phosphate content Moist.: moisture content
Algae 1-10 and Med. 1-6 refer to Table 4.1.
%
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Similar results were found in the protein and lipid
contents. However, there were no significant differences
in carbohydrate, phosphate, ash and moisture contents
among the four groups. These suggested that the algal
suspensions were slightly inferior than the control in
terms of shrimp growth, protein and lipid contents. The
addition of sludge extracts seemed to have no significant
effect on the growth and the nutritive value of the
shrimps,
4.4.2 Rearing of carps:-
4.4.2.1 Growth rate of carps - The growth
rates of carps fed by different diets are illustrated in
Figs. 4.10-4.12: The growth rates of carps fed by various
algal suspensions were slightly inferior than the control
(Fig, 4.4 10) . Among all the algal suspensions, Chlorella
cells (Algae 6, 8 and 10) were more suitable for growing
carps than Chlamydomonas cells cultivated in the sludge
extracts. Except in the carps fed by Alga 1, the other
groups fed with different algal suspensions supported a
continuous growth of carps at the 6 weeks' culture. In
groups fed by Alga 1, the growth rate gradually increased
at the beginning like the other groups, but decreased
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0.548 g. This drop of growth suggested two possibilities:
(1). This alga could only provide a sufficient amount of
nutrients for very young carps. As a consequence, the
growth of the carps was decreased when the carps became
larger with higher requirements. (2). The excess heavy
metal contents contained in this alga might retard the
normal growth of carps. The difference in the growth rates
of carps due to different Chlorella suspensions was not
obvious, whereas, the difference due to different Chlamy-
domonas cells was significant. Among the three kinds of
Chlamydomonas suspensions being used, Chlamydomonas
cultivated in the control medium (Alga 5) provided a
better carp growth than the cells cultivated in 2% activated
sludge ' obtained by shaking at pH 4.5 (Alga 3). The least
suitable food for carp growth was the Chlamydomonas cells
cultivated in 6% digested sludge obtained by shaking at
pH 4.5 (Alga 1).
Fig. 1.11 showed the growth rates of carps fed by the
commerical fish diet supplemented with various sludge ex-
tracts. Results showed that the sludge extracts had no
significant inhibitory effects on the growth of carps.
A similar growth pattern as-tease obtained in the control
group was observed. The utilization of shrimps, flesh in
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Shrimps fed by Alga 6 (Shrimp 5) seemed to be an excellent
fish food, even provided a better carp growth than the
control (Fig. 4.12). In general, shrimps fed by Chlamy
domonas suspensions (S 2, S 3 and S 4) appeared to have
same nutritive effects on carp growth while those fed by
Chlorella suspensions (S6 and S7) supported a less growth.
The pattern of growth rate in all groups was similar except
the ore fed by Shrimp 7 (shrimps reared with Chlorella
cultivated in Bristol's medium). The growth curve showed
a peculiar shape, with a rapid growth rate superior than
the other groups between Day 5 - Day 30. However, after
Day 30, the growth rate started to decrease and at Day 42,
the, carps had the lowest body weight out of all groups.
Their average wet weight was only 0.08 g.
4.2.2.2 Nutrient contents of carps - According
to Fig. 4.13, there was a common increase of protein content
in all groups fed by various diets during the culture
period. The various diets seemed to have no effect on the
pattern of protein changes. The amount of protein increase
was more rapid in the later culture period (usually after
Day 25). The amount of protein fed by various diets was
similar or even higher than the control group, especially
in the group fed by Alga 5 (Chlarnydomonas cultivated in
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fish food), This suggested that the algal suspensions,
the sludge extracts, the shrimps, flesh reared by algal
suspensions supported carps with similar protein and so
could be used as the major diet for rearing fish.
The changes of carbohydrate content are shown in
Fig. 4.14. In the control group, the groups fed by the
commerical diet mixed with sludge extracts and the groups
fed by shrimps' flesh had a similar pattern. A gradual
increase of carbohydrate content was observed in these
three groups (Fig. 4.14 a, d, e and f) . A completely
different pattern tiaras found in the group fed by the algal
suspensions (Fig. 4.14 b and c). In Fig. 4.14 c, the
carbohydrate content of carps fed by Chlorella cells
decreased after 20 days' culture and the value declined
and was lower than the initial content after 6 weeks.
This suggested that the algal suspensions particularly the
Chlorella cells provided the carps with a lower carbo-
hydrate content.
The changes of lipid content (Fig. 4.15) were similar
in all groups fed by different diets. A gradual increase
of lipid content was found at the beginning and a more
raDid increase in the latter period.
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Fig.4.14 a The change of carnohydrate content in carps during culture periou
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Fig. 4.15 b. The change of lipid content in carps during culture period.
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found in the group fed by algal suspensions and shrimps
(Fig. 4.16). In the control group and the groups fed with
supplemented sludge extracts, the phosphate content in-
creased more rapidly after Day 30.
The chances of ash content during the culture period
fluctuated randomly (Fig. 4.17). In the control group,
the groups fed with Alga 5 (Chlamydomonas cultivated in
Bristol's medium) and Alga 10 (Chlorella cultivated in
Bristol's medium), the supplemented sludge extracts and
the group fed with Shrimp 1 (shrimp fed by the commerical
diet), the amount of ash after the culture was either de-
creased or unchanged. In the other groups, though the
changes of ash content during the rearing period was
fluctuated randomly, the final content was higher than
the initial value. These suggested the carps fed by algae
or algae-reared shrimps, which consisted1higher metal
contents, had higher ash content. The possibility of
heavy metal accumulation in the tissues of carps would
harmful effects both to the fish and organisms in
higher trophic levels.
The trends of moisture content found in various groups
were similar (Fig. 4.18), An initial rapid increase was
found between Day 5- Day 15. Afterwards, the amount of
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Fig.4.18 b.The change of moisture content in carps during culture period.
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nor decrease could be observed. At Day 42, the amount
of moisture found in all groups was between 78-80% These
results suggested that the carps had a constant moisture
level which was not related to the types of food material.
The nutritive value of carps' flesh after 6 weeks
culture is summarized in Table 4.4. Specific growth rate,
contents of protein, carbohydrate, lipid, phosphate, ash
and moisture of various groups fed by different kinds of
diets were compared. Statistical analysis showed that
different food material had no significant effect on the
specific growth rate, contents of protein, phosphate and
moisture content of the carps after 6 weeks' culture.
The Chla.mydomonas suspensions might provide carps with a
significantly lower lipid content (13.33%) while in the
other groups, the values were about 17%. The carbohydrate
content of carps fed with the commerical food (control
group) and supplementary sludge extracts were similar
and they were significantly higher than those fed by
shrimps.and algae. In contrast, the groups fed by algal
suspensions and shrimps contained significantly higher
ash contents than the control group and those groups supp-
lemented with sludge extracts.
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Table 4.4 Nutritive values of carps fed by various diets
after 6 weeks' culture
Moist.P0 AshLip.PROT. CHOSGRDiet
81.370.38 12.79 19.661.580.002Alga 1 73.18
21.320.97 15.21 2.520,007 79.1070.38Alga 3
15.68 80.091.1412.000.7888.400.030Alga 5
80.0717.580.990.26 20.480.014Alga 6 71.69
1.22 24.1919.660.21 79.630.016Alga 8 71.19
80.0215.781.59.14.130.070.016Alga 10 77.80
80.6513.031.0416.604.650.015Med. 1 72.12
1.5215.?1 78.779.600.015 79.35 5.35Med. 3










SGR: specific growth rate PROT.: protein content;
CHO: carbohydrate content Lip.: lipid content NG: no growth;
P04: phosphate content Moist.: moisture content





The growth rate and nutritive value of the aquatic
organisms (shrimps and carps) were determined in order
to clarify the nutritional value of the algal products.
cultivated in various sludge extracts. The results of
shrimp growth showed that certain algal suspension such
as Alga 5 (Chlamydomonas cultivated in Bristol's medium)
could be used successfully as the major foodstuff for
rearing shrimps. They provided similar growth patterns
as the control diet. The nutritive values of different
algal suspensions in governing shrimp growth depended
very much on th3 chemical composition of the algal cells.
Those cells with higher protein, carbohydrate and phosphate
contents supported better shrimp growth. This showed that
it was possible to convert-the phytoplankton material into
crustaceans by feeding algae to appropriate animals. The
results were in line with those found by Gibor (1957),
using phytoplankton for feeding zooplankton. The utilizat-
ion of algal suspensions as animal foodstuffs might be
another possible food source. One of the major problems
in the efficient production of food by mass cultivation
of unicellular algae is harvesting the crop. The conventional
harvesting method, such as centrifugation and flocculation
of the cells were very expensive. So the utilization of
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of algal suspensions in rearing shrimps might solve the
harvesting problem. It is well known that the growth
rate of the shrimps are related to the concentration of
algae, the chemical composition of algae and their
digestibility. Besides, the age and the initial rate
of shrimps may also govern the efficiency of using algae
as foodstuffs. for shrimps. In this experiment, the shrimps
being used were more or lesslthe same size and age to
eliminate such variations. Moreover, two different algal
species were used for feeding the shrimps. The results
indicated that the growth of shrimps due to different
algal species was not significantly different.
In. contrast, the same algal species cultivated in
different media had significantly different nutritive
values in terms of rearing shrimps because of their
C
differences in nutrients and metal contents. Chlamydomonas
cultivated in the Bristol's medium provided a much higher
growth than those cultivated in the sludge extracts. The
inferior shrimp growth of Chlamydomonas or Chlorella
cultivated in digested sludge extracts suggested these cells
were less suitable for rearing shrimps. It might be due
to many reasons, including their relatively lower protein
content, their low digestibility and their high metal
contents. The results found in the previous chapter showed
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that the protein content of these algal cells were not
very different, ranging from 60-80%. So the low protein
content was not the main reason for causing the lower
growth of shrimps. Moreover, the protein content of
algal cells wore higher than the commerical fish food
which only contained 46% crude protein. Their inferiority
in supporting shrimp growth suggested that not'all algal
protein could be used by shrimps, the digestibility of
the cells might limit the maximum use of algal protein.
Further research is therefore essential to determine the
digestibility and the food conversion efficiency df
using algae as major food for rearing shrimps. A higher
.metal content was found in the cells cultivated in the
digested sludge extracts, which might also limit the normal
growth, because excess metals have been found harmful on
shrimp growth.
The addition of various sludge extracts seemed to
have no significant effect on the normal shrimp growth
though the sludge extracts contained high protein and
heavy metal contents. The nutrient and metal contents
of sludge extracts were diluted to a very low concen-
tration by the water in the rearing tank, and so had
no effect on shrimp growth. Moreover, the route of
nutrient uptake was mainly through their diet, and only
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very low amounts entered the organisms via water pass
through the gill. This revealed that it was not possible
to utilize the nutrient contents of sludge extracts
directly for the cultivation of shrimps. This point
could be conf.rmed by performing a further experiment
only using the sludge extracts as the major foodstuffs.
The analyses of the shrimps' nutrient contents treated
with different diets.showed a similar pattern as the growth
rate. Shrimps fed with algal suspensions had slightly
lower protein and lipid contents than the control, while
those groups fed with supplemented sludge extracts had
similar contents as the control. This confirmed the
suggestion stated above that the algal suspensions were
less nutritive than the commerical fish food in the shrimp
culture. The sludge extracts had no effect on the nutrient
composition of shrimps. The protein, carbohydrate, phosphate
and ash contents of the shrimps increased gradually as
the growth continued during the culture period. The
change of lipid and moisture content in different culture
periods fluctuated randomly and remained in the same or
slightly lower level after 3 weeks' culture. However,
no increase could be observed in the final measurement.
In fact, the lipid and moisture contents of shrimps was
mnre related to other environmental factors than the content
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of the diet. The temperature and relatively humidity
greatly influenced the lipid and moisture content. For
instance, low temperature always caused an accumulation
of higher lipid content in the organisms. The weather
changes during the rearing period might account for the
fluctuation of moisture and lipid content observed in
this study. Different age groups or size class of shrimps
might have different responses to various diets. Young
organisms seemed to be more sensitive to the variations
in the foodstuffs and therefore, young shrimps were
selected in the present investigation. Further experi-
ments using shrimps at different age groups may confirm
the values of algal cells as major diet for shrimp.
The use of algal suspensions as foodstuffs for carp
rearing was less nutritive than the control diet, but
still could support the continuous growth of carps.
Chlorella suspensions supported a better growth than
Chlamydomonas. This indicated that different species
of algae had different nutritive values for carp growth.
Carps, like most animals, grow best on a balanced diet.
The proportion of protein, fat and carbohydrate is more
important than the concentration of individual nutrient
component (Bardach et al., 1972). Moreover, the digest-
ibility of the algae is very important as the hard cell
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wall of the algae might be the major factor limiting
the value of the algae. Further experiments concerning
the digestibility of algae and food conversion efficiency
are necessary. The results showed that the utilization
of algal cells as major food was less satisfactory, the
utilization of algae as a supplementary food (mixed with
commerical fish food) might provide a better carp, growth.
On the other hand, algal flora could be utilized indirectly
as food for fish, in the shortest way by cultures of crus-
tacea or insects larvae feeding on algae which are produced
also in monoculture such as Chlorella (Zarnecki, 1967).
In the present experiment, shrimps fed by various algal
suspensions were used as the major fish food and the growth
rates of carps fed by shrimps were similar to the control
group. It suggested that the shrimps' flesh, both fed
by commerical fish food or * various algal suspensions were
nutritive and their nutrients were easily utilized by the
carps. This might be related to the fact that in the
shrimps' flesh, most protein and carbohydrate are in the
soluble and extractable form, unlike the algal cells With
rigid cell wall always limit their nutritive values.
Moreover, the nutrient content of shrimps fed by different
algal suspensions and no significantly difference in
supporting the carp growth. The addition of sludge extracts
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also had no effect on the growth of carps as the nutrient
uptake by fish was mainly through their diet. It was
found that though the growth rates of carps fed by algal
suspensions were lower, the protein, lipid, phosphate and
moisture contents of their muscles were not significantly
different. This suggested the possibility of using algae
as fish food to replace the conventional expensive fish
food. The carps fed by commerical fish food and supplemented
sludge extracts had significantly higher carbohydrate con-
tent, followed by the carps fed by shrimps and the least
carbohydrate content was found in the groups fed by two
algal species. On the other hand, the carps fed by algal
cells and shrimps had significantly higher ash content than
the control. This indicated that the carps fed by algae
might have more mineral uptake. The amount of metal found
in shrimps and carps will be discussed in the following
chapter. The patterns of changes of, carps' protein,
lipid, phosphate and ash contents during different time
intervals were similar in all groups fed by different diets,
irrespect(of different nutritive contents of the diets.
A gradual increase occurred as growth continued. This
suggested that the fish only absorbed the essential nutrients.
and assimilated the ingested nutrients into their tissues,
excess nutrient is stored in liver but not in their muscle.
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Therefore, the nutrient contents of the carps' muscles
fed by different diet might be similar though the amount
and nutritive value of their diets being ingested were
not the same. The ash content represented the total mineral
contents was found to be more related to the composition
of the diets being used. The pattern of changes in
moisture content was very different from other nutrient
components. There was a rapid increase between Day 5-10,
but the content did not change very much afterwards. This
suggested the carps had the mechanism to maintain a
constant level of water content in their tissue. Excess
water could be eliminated. It also indicated that the
continuous increase of carps' body weight was not due to
the absorption .of excess water.
The present investigation showed that algal cells
could be used both directly and indirectly as the major
foodstuffs for carps or shrimps. It was only true for
the population of same age group, size class and species
as those used in this experiment. Because as these two
aquatic organisms grow, their diet changes and they become
cannibalistic. Fresh and dried Chlorella cells had sig-
nificantly different effects on the rate of population
increase and fecundity of aquatic organisms (Hirayama
and Nakamura, 1976). Algal suspensions were used as the
248
foodstuffs instead the dry algal powder for higher
aquatic organisms in this study, because the fresh algal
cells were more easily mixed with water and ingested by
the organisms. The use of algal suspensions could also
reduce the time, labour and money being spent in the
harvesting operations. Nevertheless, harvesting processes
which could increase the digestibility and nutritive values
of the algal products may also be valuable. More studies
based on the changes of certain physiological processes
such as respiration, reproduction and metabolism are
desirable for the future investigation. Finally this
study only dealt with thee effects of algal products on
rearing one species of fish and shrimp on a small scale.
No concrete conclusion can be drawn from the results
which was relevant to the extensive culturing practices.
More detail and extensive experiments will be needed
ureently in the near future.
The results observed in this study could be summarized
as follows:-
1. Algal suspensions provided slightly less growth of
shrimps and carps than the control diet. The nutrient
content of carps fed by various foodstuffs were more or
less similar.
2. Addition of sludge extracts to the commerical fish
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diet had no significant effect on the growth rate and
biochemical composition of the shrimps and carps.
3. The shrimps fed by algae had the same nutritive value
as those fed by the commerical diet when using the shrimps'
flesh for rearing fish.
4. The ash content found in the aquatic organisms fed
directly or indirectly by waste-grown algae was higher
than the control. More minerals were taken up by the
organisms through their diets during growth.
5. Gradual increases of protein, carbohydrate, lipid and
phosphate was observed in all groups. They followed the
same trend with only minor exceptions.
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CHAPTER 5
ACCUMULATION AND ELIMINATION STUDIES OF
HEAVY METAL CONTENTS ON HIGHER
TROPHIC ORGANISMS
5.1 Introduction
It had been found that one of the long-term hazards
of metals to organisms was thet[transfer and accumulation
of metals from one organism to another through the food
chain (Huisingh and Huisingh, 1974 Aubert et al., 1978
and others). Recent research has tended to cast doubts
upon this pa'd-'rR, as experimental works revealed that
metals may only concentrate by the phytoplankton and could
not pass up the food chain to the next trophic level
(Knauer and Martin, 1972 Parrish and Carr, 1976). The
results found in chapter 3 showed that the algal cells
accumulated excess metals from the sludge-extracts. In
chapter 4, it showe-d'that waste-grown algae can be used
satisfactory for feeding shrimps and fish and were unrelated
to the composition of the algae. However, the ash content
found in the shrimps and carps fed by algal products were
significantly higher than the control group. More minerals
might have accumulated in the flesh of shrimps and carps.
With this in mind, the present investigation i-s attempted
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to study the trend of metal changes at different time
intervals during the rearing period in order to find the
existence of accumulation or elimination. The effect
of various diets on the metal contents of the tissues
and their pattern of changes will be notrd. A simple
aquatic food chain involved algae, shrimp' and carp
simulated to observe whether metals are increased at each
tropic level in the food chain.
5.2 Literature review
The toxicity of various heavy metals on the aquatic
organisms and their transferance in aquatic food chains
have been emphasized in recent research. Many zooplanktons
are found to be susceptible to metal toxicity. Excess
heavy metals present in the water or in the food materials
can inhibit the growth and physiological processes of
zooplanktons and aquatic invertebrates. However, studies
on the toxicity of heavy metals to freshwater organisms
have concentrated on fish and have yielded only limited
information concerning invertebrates. The degree of
toxicity of various metals to three species of freshwater
zooplankton, Cyclops, Eudiaptomus and Daphnia has been
investigated. The results showed that calcium is pract-
ically non-toxic, magnesium, strontium and cesium have a
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low toxicity, divalent heavy metals and chromate are
very toxic (Baudouin and Scoppa, 1971 Euikema and Herr-
isles, 1978), Growth retardation and interference with
reproduction success are the most common response of
aquatic organisms to sublethal doses of heavy metals.
Zn and Pb were found to produce delays in development
of the estuarine mudcrab, Rhithropanopeus harrisii
(Beni its and Benijts, 1975) . Cd, Cu, Pb, Hg and Zn
also affected reproduction rates of the marine ciliate,
Euplotes nannus, with mercury and copper more toxic
than the others (Leland and Luoma, 1977). Larval of
grass shrimp, Palaeminetes uglO was very sensitive to
heavy metals, for example, mercury can reduce the survival
of the larvae to postlarve stage, delay molting, increase
numbers of instars and morphological deformities. The
metal toxicity is related to the age and the life cycle
of the aquatic organism. Larvae stages are found to be
more resistant to metal toxicity than the' adults (Shealy
and Sandifer, 1975). Adults of the 'blue mussel, Mytilus
galloprovincialis were shown to be more sensitive to Cd
than were larval stages. Late larvae of oyster, Crassostra
gigas, were more tolerant to Zn than were embryos (Leland
and Luoma, 1977). Therefore heavy metals are toxic to
aquatic invertebrates, lethal concentration may reduce
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growth, fertility and even death of the animals.
The effects of metals on fish have received much,
attention in recent years, partly because of the urgent
need of fish protein as food source and partly due to
the aquatic ecosystem are heavily pollut3d by the waste-
waters. Various incidents of pollution resulted in fish
kill (Lewis, 1978). Cu, Mn, Zn, Cd, Pb and Hg are the
most toxic metals and commonly found in the wastewaters..
The acute and chronic effects of these metals on fish have
been investigated (Skidmore, 1964 McKim et al., 1976
Sauter et al., 1976 Leland and Luoma, 1977 Merlini and
Pozzi, 1977 Wong et al. 1977 Benoit and Holcombe, 1978,
Brungs et al., 1978 Murphy et al., 1978 Verma et al.,
1978 Waiwood and Eeamish, 1978 and others). Acute
toxicity of copper, zinc and manganese were determined
for juvenile longfin dace, the percent survival was in-
versely proportional to the copper concentration in the
water. Zinc has similar effect as copper, whereas that
of manganese is considerably less (Lewis, 1978). Sabodash
(1977) studied the effect of ZnSO4 on the growth and
development of progen my from three different age groups
of carp (Cyprinus carpio) females. The size'of eggs and
larvae were directly dependent on the age of the female
carp. Zinc sulfate exposure of eggs resulted in premature
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hatching (cited by Brungs, 1978). Toxic accumulation
of zinc compound cause adverse changes to the morphology
and physiology of fish. Acutely toxic concentrations
include cellular break down of the gills, and possibilty
the clogging of the gills with mucus. Concurrent with
the gill changes, respiration decreases and the opercular
rate increases. Chronically toxic concentrations of zinc
compounds.,in contrast, cause general enfeeblement and wide-
spread histological changes of many organs, but not to
gills. Growth and maturation are retarded (Skidmore,.1964) .
Zinc level at 145 pg/l and above increased the egg adhesive-
ness and fragility, reduced the hatchability and survival
of larvae and deformities in postlarval stage of fathead
minnow (Benoit and Holocombe, 1978). Copper is another
toxic heavy metal commonly found in natural waters at
concentrations which are detrimental to aquatic organisms.
Concentration of copper at 31.7 - 43.5 pg/l caused sig-
nificant reduction in larval standing crop in eight species
of freshwater fish (McKim et al., 1978). Copper in sub-
lethal concentration can influence many of the metabolic
and behaviour activities of fish (Mount and Stephan, 1969).
The influence of sublethal concentration of copper on
appetite, growth, and approxinate body composition of the
rainbow trout was determined. Growth rates of trout exposed
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to Cu and fed rations of either 0.25 or 1.5% of the body
weight per day were depressed (Leland and Luoma, 1977).
Definite symptoms of restlessness as reflected by erratic
opercular movement, difficulties in respiration, convul-
sions and short erratic jerky action have been noted.
Critical swimming performance, mortality, reduced appetite
and hematocrit are the common response of fish to the
effects of metals especially copper (Verma et al., 1978
Waiwood and Beami sh, 1978). Cadmium has also been shown
to be an extremely potent and cumulative toxicant. Larva
and embryos of seven freshwater fish species were all
killed by C.d varying from 4-12 pg/l (Eaton et al., 1978).
Blood clots in the vascular systems of cadmium-exposed
fathead minnows (Pickering and Gast, 1972). Damage to
the testes of brook trout exposed to 25 pg/1 cadmium for
21+.hours have also been observed (Sangalang and O'Halloran,
1972 and 1973). A histological examination of tissues
revealed disturbed blood vessels with collapsed walls in
some places and local accumulations of erythrocytes (Sanga-
lang and O'Halloran, 1972). Significant reduced survival,
egg hatchability of rainbow trout, lake trout, channel cat-
fish, bluegill and many fish species are caused by the high
cadmium concentration (Sauter et al., 1976). Even under
low concentration of Cd, Hg and Pb, a decrease in weight
256
of brook trout was also reported (Christensen, 1975).
Lead, mercury and chrmium are also very toxic. The
acute effects of injected methyl mercury in the kidneys
of channel catfish (Ictalurus punctatus) was observed.
A single intrapetoneal injection of 15 mg/kg of methYl
mercury caused high Hg uptake in the kidney, marked histo-
pathological alteration in renal tissue and inhibited
localized succinic dehydrogenase activity (Kendall, 1975).
The effect of methyl mercury on the metabolism and physio-
logical function of rainbow trout gill was investigated.
A methyl mercury concentration of 10 ,pg/l did not signific-
antly affect gill metabolism or the concentration of plasma
electrolytes. A significant increase in hematocrit value
was noted however, after 12 week of exposure (O'Connor
and Fromm, 1975). Tests on blood cells of goldfish showed
that 0.2 mg/l of Pb inhibited hemoglobin synthesis, reduced
aminolevulinic acid dehydrase activity and caused changes
in cell density (McKim et al., 1976), Boge and his co-
workers (cited by McKim et al., 1976) reported the effect
of Pb(CH3CO2)2 on the intestinal absorption of glycine by
rainbow trout, lead acetate itself was quickly absorbed by
trout intestine. Low concentrations of lead in water caused
black tails and spinal curvature of rainbow trout (Salmo
gairdneri) (Davis and Everhart, 1973 Holcombe et al., 1976)
* cited by Pay, 1978.
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Histological lesions in the kidney and liver of fishes
caused by Cr have also been noted, for instance, severe
necrosis of kidney tubules and impaired kidney and gill
functions were observed in rainbow trout and roach, Rutilus
rutilus, exposed to Cr+6 for 2 to 6 weeks (Strike et al,
cited by Leland and Luoma, 1977). Therefore, high concen-
trations of various heavy metals in the water cause harmful
effects to fish. The level of tolerance to the concentrating
of the metals were species specific and age dependent,
Larva and juveniles are found to be more sensitive to metal
toxicity than the embryos and adults (Eaton et al., 1978
McKim et al.., 1978). Recently, studies related to the metal
toxicity have been emphasized on the accumulation and
distribution of heavy metals in fish tissues. It has been
found that fish growing in the environment with sublethal
metal concentration may accumulate metals in their tissues
(Kudo, 1976 Murphy et al., 1978). The tissue metal concen-
tration are postively correlated with the size and the
weight of fish and appeared to be directly influenced by
the position of the species in the food chain (McKim et al.,
1976). It has also been found that metals are likely to
accumulate in liver, kidney and deposited in gills with
very low amount occur in the muscles of fish. Metal con-
centrations found in the gills resemble very close to the
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amount of metals in the surrounding, the concentrated metals
were incorporated with particles embedded on the gill sur-
face and not in the tissue itself (Rehwoldt et al., 1976).
The organs with highest tissue accumulation were liver
and kidney whereas muscle was the tissue with minimum
metal content. Liver and gill of various-fish can accumulate
copper at 11.1 mg/kg to 39.3 mg/kg dry weight and 86 mg/kg
to 265 mg/kg dry weight respectively (Drbal, 1976) . Similar
observation was discovered by Feldt and Melzer, 1971 Bican
1976 Greig et al., 1976 Bican and Drbal, 1977 Merlini
and Pozzi, 1977 Jacobs, 1978. These experimental works
had demonstrated that heavy metals at certain concentration
would have toxic effect on both algae and aquatic organisms.
Besides the acute toxic effects of heavy metals, one
of the long-term hazards of metals to organisms are the
transfer and accumulation of metals from one organism to
another through food chains and food webs. It is obvious
that the contaminants are able to accumulate within the
body at a rate and to an extent determined by the level
of intake and by the chemical form of the heavy metal
present in food cHuisingh and Huisingh, 1974. These
contents would-be increased at each trophic levels in the
food chain. For instance, phytoplankton grow,in polluted
water may accumulate. very high concentrations of heavy
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metals. When these phytoplankton materials are converted
to zooplankton materials, metals will be transfered and
amplified in the zooplankton tissues. When these preys
are eaten by their associated predators, metals will be
continuously transfered to the predators. Therefore, as
more trophic stages presented in the food chain, more
metals will be accumulated in the highest trophic organisms.
As a consequence, the health of human will be affected.
There is a substantial amount of research related to the
transfer of metals through food chains. Mercury was passed
through and amplified by marine food chains (Hew, 1971
Aubert et al., 1976). Efficient food chain transfers
of.organic arsenic through phytoplan ton, Dunaliella marina,
zooplankton, Artemia salina and shrimp, Lysmata seticaudata,
was also observed (Wrench et al., 1979). Amiard and
Amiard (1975) demonstrated that cobalt are magnified in
a food chain involved a plankton (Navicula), a mollusk
(Scorbicularoa) and a crab (Carcinus). Mollusks fed on
the plankton and the crab fed on the mollusk all retained
a very high proportion of cobalt in their bodies. Cr, Cu,
Mn, Fe, Pb and Zn were accumulated in fish fed with the
tubificid worm which consumed the metal-enriched heterotrophic
bacteria (Patrick and Loutit, 1976 and 1978). It has been
demonstrated that copper was accumulated in fish tissues
(cited by Knauer and Martin, 1972)
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reaching the values of 35 mg/kg (great Maraena) to 6.4 mg/kg
(roach and crucian carp) dry weight. The metal level in
fish varied according to the concentrations and forms of
metal in their diet and in the surrounding water (Drbal,
1976).
Although all these results intimated that the concentration
of a trace metal would be increased at each trophic level
in the food chain ecent analyses tended to cast doubts
upon this paradigm. Many, experimental works revealed that
metals may only concentrat by the phytoplankton and
not pass to the next trophic level Parrish and Carr (1976)
examined the mercury transferance in a simple system con-
sisting of the primary algal producer, Croomonas salina and
the second level omnivorous calcanoid copepod Acartia tonsa
and found that mercury was concentrated by alga, probably
by surface sorption, but was not retained by the adult
copepod omnivore which grazes upon them. Similar results
were found by Knauer and Martin (1972) who studied the
amount of mercury in the nearshore phytoplan'kton and zoo-
plankton and anchovies. No mercury accumulation occurred
in this food chain. The transfer of micropollutant (Zn)
to the final consumer in a soft-water ecosystem has been
investigated. It was found that the Zn contamination in
the alimentary canal of final predator was minimal (Parout
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and Chaisemartin, 1974). It has been discovered that
organisms have the ability to eliminate the excess metals
from their body through the excretary mechanisms, e.g.
the sorption of plutonium by phytoplankton and the sub-
sequent settling of phytodetritus or zooplankton fecal
pellets may be the major mechanisms for removing plutonium
from Great Lake waters (Marshall et al., 1975). However,
theio is a lack of literature concerning the studies
on the concentration process of trace metals through food
chain. Whether biomagnification or biological dilution
of heavy metal in organisms, are not fully
understood at present.
5.3 Materials and method
The shrimps and carps collectedd in chapter 4 were
dissected for metal analysis. Muscles from 2-3 shrimps
or fish were mixed together and used for the analysis of
K, Ca, Na, Mg, Mn, Fe, Cu, Zn, Pb, Cr and. Cd contents.
The methods are described in Appendixes 5.2, 5.4 and 6.
5.4 Results
5.4.1 Changes of shrimp metal contents at different
time intervals during the culture period:-
The changes of various metal contents in
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shrimps are shown in Figs. 5.1-5.8. Pb, Cr and Cd were
not detected in the present study. According to Fig. 5.1,
the major pattern of changes of K content in shrimps' muscles
at 6 intervals during 3 weeks' culture were similar in all
groups fed by different diets. A gradual increase occurred
from Day 1-12 in the groups -fed by algal suspensions
(Figs. 5.1 b and c). The maximum amount of K at Day 12
was up to 1.3016 of the body weight- Aftet Day 12, the
trend of increase fluctuated. In certain groups, sudden
drops of K occurred, but the final K content was still
higher than the initial values. In the groups fed by
supplementary sludge extracts, the trend was similar to
the groups fed by algal suspensions, a rapid increase in
the early culture days and then a drop of K content in
the later period were noted (Fig. 5.1 d). The control
group had no significant increase nor decrease of the K
content during the culture period, the range of K content
found at different time intervals-was 0.5-0.80/0' (Fig. 5.1 a).
The changes of Na content was slightly different from
the changes of K content (Fig, 5.2). In the groups fed
by algae, there was a gradual increase of Na during the
whole culture period, though the increase was more rapidly
in the early 8 to 12 days (Fig. 5.2 b and c), The differences
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Fig. 5.2 a The change of Na content on shimps duringculture period.
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algae fed groups had the final Na concentration (about 1.2%)
much higher than the initial value (about 0.301o). In con-
trast, the groups fed by the commerical diet (Fig. 5.2 a)
and the supplementary sludge extracts (Fig. 5.2 d) had no
conclusive trends. The Na content.fluctuated in the range
of 0.4-0.6% and 0.4-1 .0% in the control and supplemented
sludge extract groups.
The trend of Ca content (Fig. 5.3) fluctuated randomly,
each group had its peculiar pattern. In certain groups,
such as the groups fed by Algae 1, 5, 7 and 8, a gradual
increase was found 'during the. culture period, it increased
more rapid after Day 8 or.Day 12. The final Ca content
was-about 2.4% , much higher than the initial values. A
final increase of Ca content could be observed in other
groups except the control.
The amount of Mg appeared to be unchanged (Fig. 5-4).
No differences could be observed in all the groups fed
by various diets. The concentration of Mg ranged from
about 0.1-0.39%.
The pattern of changes of Mn was similar to that
found in the Na content (Fig. 5-5). A gradual increase
was observed in the algal fed shrimps with a final con-
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Fig. 5.3 a. The change of Ca content in shrimps during culture period.
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d. sludge extracts mixed with commerical diets..
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Fig. 5.5 b. The change of Mn content in shrimps during culture period.
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value). The types of algal suspensions had no significant
effect on the changes of Mn content (Fig. 5.5 b and c).
The changes of Mn content were only in a small range (110-
290 ppm) for the control group (Fig. 5.5 a) and a greater
range in the sludge extract group (Fig. 5.5 d) with the.
final concentration at about 350 ppm (3 times more than
the initial).
The changes of Fe content (Fig. 5.6) was similar in
all groups. The amount of Fe increased rapidly in the
first 8-12 days with the maximum Fe concentration at
about 3000 ppm (3-4 times more than the initial value).
Ther the concentration of Fe started to drop and reached
the same or even lower at Day 20 except the sludge extract
groups (Fig. 5.6 d), in which the final Fe concentration
were still slightly higher than the initial level.
The Cu content fluctuated in a small range (330-
420 ppm) and no significant increase could be observed
in the control group (Fig. 5.7 a). The trends were
similar in the other three groups (Fig. 5.7 b, c and d).
In the first 4-8 days, the amount did not change very
much and from Day 8-16, it started to increase. The
increase was more rapidly between Day 12-16 (about 2000 ppm,
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Fig. 5.6 b. The change of Fe content in shrimps during culture period.
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Fig. 5.7 b. The change of Cu content in shrimps during culture period.
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Fig. 5.7 c. The change of Cu content in shrimps during culture period.
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Day 16, the Cu content dropped rapidly and returned to
the normal level at Day 20. It showed no significant
increase of Cu content at the end of culture period
in all groups.
The changes of Zn content was significantly affected
by the types of diets being used (Fig. 5-8). The Zn con-
tent fluctuated in a small range in the control group
(640-890 ppm) and no significantly increase could be found
(Fig. 5.8 a). In the groups -fed by various Chlamydormonas
cells, the changes of Zn content were different (Fig. 5.8 b).
In Algae 2 and 3, the amount-of Zn increased rapidly from
Day 12 and reached a very'highcontent at the end of culture
period (about 6000 ppm, 6 times more than the initial
value). In the other three groups (Algae 3, 4 and 5),
the amount of Zn was only slightly increased during the
culture period with a final concentration at about 2-3
times more than the initial value. The changes found in
the Chlorella groups (Fig. 5.8 c) were similar to those
found in the sludge extracts groups (Fig. 5.8 d), with
the common trend of Zn increased rapidly from either Day 8
or Day 12, but followed a sudden drop. The final Zn
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Fig. 5.8 b. The change of Zn content in shrimp during culture period.
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5. k.2 Final metal content found in shrimps' muscle:-
The initial and the final metal concentrations
of shrimps fed by various foodstuffs are summarized in
Table 5.1. The final K, Na, Ca, Mn and Zn contents of
shrimps fed by algal suspensions (both Chlamydomonas and
Chlorella cells) and supplementary sludge extracts, were
much higher than the initial value. A significant accumu-
lation of these five metals was found. The increased due
to the algal foodstuffs were higher than that due to the
supplementary sludge extracts. Among the two types of
algal species being used, Chlamydomonas diet enhanced more
accumulations of K, Ca and Zn in shrimps' muscles than
the Chlorella diet. In the control group, the final con-
centrations of these five metals were not significantly
different from the initial value which showed that there
were no significant accumulations . No significant increases
could be found as to the contents of Mg, Fe and Cu when
comared the initial and final values in all groups
Besides, the results showed that the variations due to
the different groups within one algal species were smaller
than the variations due to the different algal species.
5.4.3 Changes of carp metal contents at different
time intervals during the culture period:-
The changes of various metal contents in carps
285
Table 5.1 The metal contents of shrimps fed by various
diets (initial and final values after 3 weeks'
culture).
K Na Ca Mg ZnFe CuDays MnDiets
1.400.50 0.11 0.01 0.09 0.04 0.080.53Day 1Alga 1
0.24 0.341.18 0.05 0.081.35 2.81 0.0620
0.04 0.120.13 0.06 0.120.650.390.30Day 1Alga 2
0.24 0.05 0.21 0.06 0.670.591.211.0620
0.120.040.15 0.01 0.110.390.330.41Day 1Alga 3
0.10 0.590.08 0.240.261.07 1.911.1520






0.130.010.090.010.140.610.41 0.50Day 1Alga 7
0.180.100.06 0.070.281.12 2.230.9620
0.060.050.100.12 0.010.970.380.41Day 1Alga 8
0.180.090.340.050.271.14 1.820.6820
0.080.060.150.011.00 0.150.45 0.41Day 1Alga 9
0.260.080.220.071.28 0.251.640.9420
0.050.070.110.010.39 0.130.690.59Alga 10 Day 1





K NaDaysDiets Ca Mg Mn Fe ZnCu
0.51 0.46 0.59Day 1 0.15Med. 1 0.01 0.08 0.070.06
0.86 1.550.74 0.32 0.04 0.12 0.07 0.1020
0.31 0.340.25 0.12 0.01 0.03Day 1 0.04 0.05Med. 2
0.61 0.20 0.05 0.18 0.510.49 2.13 0.0720
0.Oo0.10 0.02 0.09 0.080.620.540.44Day 1Med. 3
0.25 0.13 0.150.39 0.031.020.850.6720
0.01 0.04 0.060.120.110.540.270.34Day 1Med. 4
0.170.20 0.080.050.281.570.790.6220
0.100.070.150.030.190.600.280.41Day 1Med. 5





The various diets refer to Table 4.1.
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fed with different foodstuffs during the culture period
are shown in Figs. 5.9-5.16. The K content fluctuated
randomly in a range of 0.4-1.0% (based on the dry weight)
in the control group (Fig. 5.9 a), A common trend with a
rapid increase of K content between Day 10-25 and reached
a maximum of about 1.2•% K content, followed by a drop
between Day 25-30 and then returned to the normal concen-
tration at the end of culture could be' observed in the
other groups, especially those fed by algal suspensions
(Fig. 5.9 b and c) and supplementary sludge extracts
(Fig. 5.9 d). The differences due to different types
of algae or sludge extracts were not obvious, however.
The variation in K content of carps fed with algal-
fed shrimps (Fig. 5.9 e and f) followed similar patterns
.as those found in the algae groups with an initial increase
followed by decrease, though the carps treated with
Chlamydomonas-fed shrimps showed more flucutations.
Among all the groups, the final concentration of K was
similar or even lower than the initial value, i.e. no
accumulation of K was found at the end of culture period.
The Na content in the control group (Fig. 5.10 a) and
the sludge extracts supplemented group (Fig. 5.10 d)
fluctuated slightly (0-3-0.5%), and no obvious increase



















































0 10 20 30 40
DAYS

































































1 10 20 30 40
DAYS











0 10 20 30 40
DAYs






























Fig. 5.10 c. The change of Na content of carp during culture period.
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and Chl orella groups (Fig. 5.10 b and c) had a similar
pattern where a gradual increase of Na content was observed
with the final Na concentration up to 0.9% of the body
weight. As to the carps fed by algal-reared shrimps,
a rapid increase of Na was found between Day 10-15, reach-
ing a maximum of 0.95% After Day 15, the amount started
to drop to the level similar or even lower than the initial
value. These results showed that the carps fed directly
with algae had certain Na accumulation but other carps
fed indirectly with algae (through the shrimps), the
accumulation of Na'did not maintain during the whole culture
period. Elimination mechanism 'seemed to be the possible
explanation for the reduction of Na. content in the latter
culture period.
The trends of Ca changes found in various groups
(Fig. 5.11) were similar to those found in the changes
of Na content. Random fluctuation occurred in the control
group (Fig. 5.11 a) at the range of 0.21-0:3/%. Agradual
increase of Ca found in the groups fed with two algal-species
with a final concentration-at about 0.65% (Fig. 5.11 b and c).
For the remaining three groups (Fig. 5.11 d, e and f), the
common pattern was an initial increase of Ca content, followed






















0 10 20 30 40
DAYS
Fig. 5.11 a. The change of ca content in carp during culture period.
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Fig. 5.11 c. The change of Ca content in carp during culture period.
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The change of Mg content in carps fed with different
types of diets were similar (Fig. 5.12), A gradual increase
of Mg was found during the culture period. The increase
seemed to be more rapid in the later culture days. No
difference of final Mg concentration was found in the con-
trol and the experimental groups. The average final concen-
tration was 0.7-0.8% (2 times greater than the initial value).
The change of the other four metals, Mn (Fig. 5.13),
Fe (FLig. 5.1L.), Cu (Fig, 5.15) and Zn (Fig. 5.16), had a
similar pattern during the culture period. The concentration
of metals found in the control groups fluctuated slightly
and no obvious increase of metal content was found in
different experimental groups with the final concentrations
higher than the initial values. The results suggested
that the metals were accumulated in carps fed by the exper-
imental diets. Generally the rate of increase was different
.at each time interval during the whole culture period.
The increase was more rapid in the later days of the culture
period with an obvious increase between Day 30-42 particularly
in the group fed by shrimps' muscles. In certain metals
such as Fe, the trend of increase declined at the later
days of the culture period and remained at a constant level.
Although all groups fed by various foodstuffs, with a similar
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Fig. 5.16 c. The changes of Zn content in carps during culture
period.
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were different. For instance, carps fed directly with algae
tetd a lower Mn and Cu content than carps fed with
.algae indirectly (through shrimps) and the carps fed
with the commerical diet mixed with sludge extracts had
the least metal content. This suggested that algae accumulated
metals from sludge extracts-and these metals transfered.
and accumulated in the shrimps which in turn transfered
the metals to the carps. The variations of Ve found in
the groups fed by algae and shrimps were similar. It
suggested that this metal did not accumulate in the trophic
levels. The increase rate of Zn and the final concentrat-
ion were the least in the groups fed with supplementary
sludge extracts, followed by the group fed with shrimps.
The maximum changes together with the highest final con-
centration was noted in the groups fed with algae directly.
This indicated that the intermediate trophic organism
(shrimps) did not accumulate nor transfer Zn to the carps.
5.4.Lf Final metal contents found in carps' muscles:-
The initial and the final concentration of
various metals of carps fed by different diets are
summarized in Table 5.2. The final amounts of K, Na
and Ca were not significant different from the initial
concentrations in all groups. Furthermore, the amounts
315
Table 5.2 The metal contents of carps fed by various
diets (initial and final values after 6
weeks culture.
Diets Days K Na Ca Mg Mn Fe Cu Zn
Alga 1 1.03 0.48 0.35Dav 5 0.05 0.01 0.05 0.03 0.04
0.49 0.67 0.58 0.09 0.0442 0.08 0.06 0.10
0.77 0.41 0.38 0.06 0.01 0.06 0.02 0.06Alga 3 Day 5
0.110.78 0.90 0.68 0.06 0.09 0.05 0.1442
0.93 0.49 0.23 0.05 0.01 0.04 0.01 0.03Alga 5 Day 5
0.99 0.62 0.54 0.07 0.05 0.04 0.04 0.1242
0.44 0.35Alga 6 0.63 0.06 0.01 0.03 0.02 0.03DaY 5
0.69 0.080.82 0.62 0.06 0.09 0.06 0.0942
0.46 0.35 0.050.57 0.01 0.04 0.02 0.OdAlga 8 Day 5
0.67 0.46 0.120.71 0.07 0.01 0.07 0.1342
0.34 0.06 0.010.41 0.05 0.010.72 0.05Alga 10 Day 5
0.520.71 0.09 0.07 0.01 0.040.63 0.1742
0.43 0.24 0.04 0.010.48 0.02 0.01 0.03Med. 1 Day 5
0.59 0.31 0.08 0.060.84 0.05 0.06 0.0642
0 .010.040.43 0.19 0.02 0.080.44 0.03Day 5Med. 3
0.11 0.09 0.03 0.060.25 0.09 0.060.2942
0.32 0.050.46 0.01 0.04 0.010.69 0.04Day 5Med. 5





'Diets Days K Na Ca Mg Mn Cu ZnFe
S 1 0.86 0.47 0.30 0.04 0.01 0.02 0.01 0.03Day 5
0.96 0.50 0.26 0.10 0.07 0.08 0.0542 0.06
S2 1.06 0.46 0.30 0.05 0.03 0.03 0.02 0.04Day 5
0.090.76 0.55 0.39 0.05 0.18 0.08 0.0942
0.47 0.360.95 0.47 0.02 0.04 0.01S3 0.03Day 5
0.400.82 0.52 0.09 0.06 0.09 0.15 0.0842
0.49 0.31 0.04 0.02 0.03 0.010.97 0.03S4 Day 5
0.04 0.10 0.05 0.08 0.050.44 0.070.7642
0.05 0.03 0.03 0.020.44 0.27 0.030.87S5 Bay 5
0.030.26 0.08 0.06 0.05 0.070.410.6142
0.05 0.02 0.03 0.01 0.040.340.460..78S6 Day 5
0.10 0.07 0.050.34 0.06 0.080.310.8042
0.02 0.010.27 0.05 0.02 0.030.390.96S7 Day 5
0.080.44 0.08 0.10 0.07 0.070.640.6442
0.26 0.04 0.01 0.03 0.010.48 0.030.65Control Day 5
0.02 0.020.24 0.09 0.020.48 0.060:4942
The various diets refer to Table 4.2.
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found in various groups were similar. These suggested
that the carps might have the mechanism to regulate
a certain concentration of K, Na and Ca in their muscle,
irrespective of the kinds of diets being consumed. For
the other heavy metal such as Fe, the concentrati n found
in carps fed with algae and shrimps were higher than those
fed with supplementary sludge extracts and the commerical
diet. There was no increase of Fe content after culture
in the control group while the' final Fe concentration
was about 2-3 times more than the initial values in the
other groups, especially those fed with shrimps. The
amount of Fe increase p, after the( culture was the highest
in-the-group fed with shrimps, followed by those fed with
algae and then the groups fed with sludge extracts supple-
mented with the commerical diet. This indicated that
the Fe content could accumulate from one trophic level
(algae) to another (shrimp) through the food chain and
resulted in a very high content in the highest trophic
organisms (carps) ,
• r
The absolute values of the initial and thee final
Mg concentrations and the differences between the initial
and the final values were similar among all groups. The
e
initial value was about 0.0.% in average and the final
value was about 0.09% (about twice as much as the initial
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value). The Mg content increased during growth, and the
increase was not related to the Mg content of the various
diets.
A significant increase of Mn and Cu content was observed
in all groups after 6 weeks' culture. The amount of
increase after the culture was related to the kinds of
diet being used. The increase in the control group was
only twice as much as the initial concentration while in
the group fed with algae, the final Mn content was about
5 times the initial value. Those fed with shrimps and
supplemented sludge extracts, the increase ratios were
3 and 4.6 respectively. Therefore, the accumulation of
Mn in carps due to the direct algal feeding was higher than
indirect algal feeding through the shrimps. Besides
the amount of increase, the. absolute amount of the final
Mn and Cu contents found in the control groups were lower
than those found in the other groups. For example, the
final Mn content found in the control was 1.99 ppm, while
the other groups were about 500-700 ppm. The variation
of the absolute Mn and Cu c.ontents in different groups
were not significant.
On the other hand, the Zn content after the-culture
was higher than the initial value in all. groups, the final
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amount was about twice as much as the initial value. The
increase was similar in all groups including the control
group. The amount of Zn increase after the culture was
unrelated to the type of feedstuffs being used. Although
the amount of increase was similar in all groups, the
absolute Zn content found in' the groups fed with algae
was higher than that fed with shrimps, followed by the
control and sludge extracts supplementary groups.
Fig. 5.17 summarized the variations of the final
metal content in carps fed with four kinds of foodstuffs.
Metals such as Fe and Cu were accumulated in each trophic
levels of the simple food chain. The carps fed with shrimps
have a.higher Fe accumulation than that fed with algae,
followed by those groups fed with sludge e racts. The
carps fed directly or indirectly with algae had the same
K.and Mn content. The carps fed directly with algae had
the highest Na, Ca, Mg and Zn contents and the group fed
with. shrimps had a lower content.i
5.5 Discussion
The results showed that the metal contents of shrimps
and carps had different trends of changes during the culture
period. The pattern of changes depended on the types of
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Fig.5.17 The variation of metal contets in carps fed with four different diets.
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the carps fed with the commerical diet fluctuated slightly
and showed no significant increase and decrease with minor
exceptions. The pattern of changes of the eight metals
being studied could be summarized in three groups: (1)
a continuous and gradual increase of concentration during
the culture period. The metal species and the different
experimental groups followed this pattern were Na, Ca, Mn
and Zn contents of the shrimps fed with algae Na and Ca
contents of carps fed with algae and Mg, Fe, Cu and Zn
contents of carps fed with all kinds-of foodstuffs.
(2) a rapid increase followed with a decrease period
and the final concentration became similar to the initial
concentration. The groups followed this pattern were K,
'Fe and Cu of shrimps fed-with all types of foodstuffs
Na, Ca, Mn-and Zn of the shrimps fed with sludge extracts
mixed with the commerical diet K content of carps fed
with various foodstuffs Na and Ca contents of carps
fed with the sludge extracts mixture and the algal-fed
shrimps. (3) The final pattern was not common and only
found in the Mg content of shrimps fed with all kinds of
foodstuffs. No increase of Mg content during the culture
period was noted. These suggested that metal concentration
in the diet had direct and significant effects on the metal
concentration of the tissues. The commerical diet which
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consisted4 low metal content provided the shrim ps or
fish with a low metal content while the organisms fed with
algae had higher levels. It has been shown that shrimps
had different responses to the excess metal contents found
in their diet (Spoehar et al. , 1978), Accumulation of heavy
metals was a common phenomenon in shrimps. However, the-
shrimps appeared to have the mechanism of eliminating the
excess Fe and Cu being taken up into the tissue through
the diets. Recent research had demonstrated that metals
were accumulated in the carpace of many shrimps and so
removed into water when molting occurred (Bertin and Gold-
berg, 1972) The shrimps used in this experiment (2-3 mm
in length) were in the juvenile state and molting was a
common phenomenon. This might explain the low metal
content obtained in the shrimps' muscle. Moreover, only
the metal concentrations in the shrimps' muscle are analysed
because the muscles are used as food for carps. The
metal concentrations in the shrimps' muscles might directly
influence the metal content in the carps. However, other
experimental works.had found.that the major sites of metal
accumulation are gills and hepatopancreas and the uptake
of metal in the abdominal muscles was not significant
(Dethl e fsen, 1978). Further study. emphasize on the distri-
bution of heavy metals in different tissues of the shrimps
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fed with metal contaminated diet is therefore necessary.
The present results also revealed that all shrimps fed
with different diets appeared to be normal and the excess
metal found in the diet did not cause any harmful effects
although accumulation of certain metals were noted. This
suggested the shrimps had the mechanism to resist the
toxicity of heavy metal in the diet. However, the exact
kinetics of the defensive mechanism was uncertain. More-
over, the uptake of metals by shrimps' muscle through the
water pathway was lower than that through the diet, as
the metals presented in the water might deposit in the
gills rather than accumulate in the muscle. In addition,
the volume of sludge extracts added was quite low and the.
metal contents-might be diluted by the water. Thus the
accumulation of metals in .the shrimps fed with supplement-
ary sludge extracts were not significantly different.
Continuous accumulation of heavy metal was the common
phenomenon found in carps. The elimination mechanism
mentioned in the above paragraph was not obvious in fish
because they did not molt and the metals were not concentrated
in the exoskeleton. Moreover, the carps were normal,
the common symptoms of heavy metal toxicity such as rest-
less movement, difficult in respiration or convulsions
(Verma et al., 1978) were not observed in the present study.
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The heavy metals presented in the diet had no immediate
toxic effects in the growth.of carps. However, long-term
hazards due to the metal accumulation
The high metal content obtained in the fish muscles might)
in turn ) influence the high ,. trophic levels including human
beings. Nevertheless, the rate and the level of accumulat-
ion which would be toxic to higher organisms were un-
certain. Further research is needed in order to clarify.
the toxicity of accumulated metals. Recent workers had
showed that the uptake of metals cif fish depended on many
other environmental factors besides the metal concentration
present in the diet. The water quality, pH, temperature,
salinity of water and the interactions due to other
elements, all had certain effects on the accumulation
process. It has been shown that the accumulation of
lead and mercury at lower pH was about 3 times higher
than at the higher pH (Tsais et al., 1975 Nerlini and
Pozzi, 1977). The temperature and the salinity of water
had certain effects on the elimination kinetics of many
aquatic organisms (Fowler and Unlu, 1978). The age, size
and sex of the organisms might also influence the accumulat-
ion process and the final metal concentration. In general,
younger female fish accumulated mercury faster and also
to higher concentration (Kudo, 1976).
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The gradual increase of metals found in carps fed
with metal contaminated diets was not common in the groups
reared in water mixed with the sludge extracts. In these
groups, the metal concentrations varied randomly but their
final amounts were very close to the normal level. This
suggested that the metal uptake through the process of
direct metal absorption from water was. quite a slow process
and only had a very minor effect on the metal accumulation
in the muscles. This was related tothe routes of the
absorbed water and together with the dissolved metals.
The absorbed water. was then passed through the gills of
the fish. Some of the metal presented in the water might
deposit in the gills and the remaining metals ultimately
passed into the bloodstream via the water. These metals
might accumulate in the internal organs of fish rather
than in the muscle. Therefore, only a small amount of
metals might pass into the muscles. Moreover, the rapid
growth of carps might dilute the metal contents measured
in the muscles (Ray, 1978). Actual1y,,the growth of this
group was higher than the groups fed with-algae or shrimps.
Therefore, the metal contents found in the muscles of
carps reared in water mixed with sludge extracts were
fluctuated and the final concentration of metal was similar
to the control group. These results indicated that the
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metal accumulated in the muscle was mainly through their
diet rather than the surrounding water.
On the other hand, it has been revealed that the
distribution of metals was different in various tissues
with the most accumulation in the liver and kidney,
followed by the gills and the minimum amount of metals
was found in the muscles (Drbal, 1976 Rehwoldt et al.,
1976 Drbal, 1977 Grimanis et al., 1978 Pay, 1978). In
the present study, due to the limitation of time, only
the fish muscle was analyzed because it was the edible
part. Further research concerned with the distribution
of metal contents in various tissues and the analysis of
food content may provide' valuable informations on the
behaviour and the effect of metals on the fish and even
other trophic organisms.
The transferance of various metals from algae, shrimps
to' fish were also analyzed in this study. By comparing
the metal content of the muscles of the fish fed directly
with algae or indirectly with shrimps, the results showed
that both bioaccumulation and elimination mechanisms were
present, depended on the types of metals being studied.
For certain metal such as Fe, the. phenomenon of bioaccum-
ulation was apparent. The concentration of this metal
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was increased at each trophic level in the simulated food
chain. Fish fed with the commerical fish food mixed with
sludge extracts had a lower Fe content. Algae cultivated
in the sludge extracts had accumulated high Fe into their
tissues from the extracts. So the carps fed directly with
this alga had a higher Fe content than those carps directly
reared in water mixed with sludge extracts. Furthermore,
the carps would have an even higher content of Fe if
algal-fed shrimps were consumed. The shrimps could further
concentrate the metals from algae and transfer to fish.
Thus) the results supported the bioaccumulation mechanism
of metals mentioned by the others (Jernelov and Lann,
1971 Hui Singh and Huisingh, 1974 Aubert et al., 1976).
However, the biomagnification was not the only mechanism
related to the metal transferance. For example, Mg was
only accumulated by algae and was not passed to the upper
trophic levels. A strong accumulation of metals was found
in the phytoplankton but followed with a substantial decrease
in the highest trophic level especially in mammals
(Knauer and Martin, 1972 Aubert et al., 1974 Marshall et
al., 1975 Parrish and Carr, 1976). Therefore, the results
found in the present study zta.z in line with tie others
showing that the fish which consumed algal-fed shrimps had
a much lower concentration and was very similar to the con-
trol group. It indicated the shrimps di.d not transfer
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more metal content from algae to fish. Moreover, the
shrimps might even reduce the metal content in the fish.
Bioaccumulation of Na, Ca and Zn was found in algae
cultivated in metal-contaminated sludge extracts and
further accumulation was found in shrimps reared with
algae. However, when these shrimps were used to feed the,
fish, bioaccumulation was not observed. This indicated
that the accumulation was only up to the invertebrate
level and could not pass to the higher trophic levels.
The transfer of various metals in any food chain was
complicated, no single mechanism could be derived to
explain the behaviour of metals in different trophic
levels. Biomagnification and elimination, the two
opposite processes might be the two possible mechanisms
explaining the behaviour of various metals in different
organisms of a food chain.
The simulated food chain in this study only involved
three trophic levels (algae, shrimp and -fish), further
research using more trophic organisrs might provide more
information and a complete picture. Also, in the present
study, the three organisms were not reared in the same
tank because the separate rearing could ensure that each
organism had taken up some metals before they were utilized
by the higher trophic levels. As the condition. were not
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exactly the same as the natural food chain, the results
obtained could not directly ly to the natural eco-
system. Further experiments were necessary before a
definite conclusion could be drawn.
Finally, the results derived from this study d
be summarized as follows:-
1. The changes of metal concentration at different time
intervals were depended on the types of metals and the
diets used.
2. The contents of Na, Ca, Mn and Zn of shrimps fed with
algae increased gradually with the final concentration
higher than the control, while K, Fe and Cu had a sudden
drop after the initial increase and with the final
concentration similar to the control.
3. A gradual and continuous increase of heavy metal
concentrations during the culture period was the major
trend found in the carps. The final metal concentrations
of carps fed with algae or algal-fed shrimps were higher
than the control. Random fluctuations were also common
in the control groups and those groups reared in water
mixed with sludge extracts. Their final concentrations
were similar to the initial value.
4. The behaviour of metals in different trophic organisms
were different. Both bioaccumuiation and elimination





The major purpose of this investigation is to study
the feasibility of recycling the sludge wastes into an
unconventional protein through the cultivation of uni-
cellular green algae in various sludge extracts and the
effects of these algal products in rearing higher aquatic
organisms. The results demonstrated that certain sludge
extracts were excellent media for algal cultivation and
these waste-grown algae were very nutritive in rearing
other aquatic organisms. The algae was successfully used
as the major diets for the normal growth of shrimps and
carps, with high protein contents as well as other nutrit-
ive values. The high metal contents in. the sludge were
also found in their extracts and their concentration G
depende4 on the methods of extraction. The excess metals
presented in the sludge extracts were accumulated by the
algae. Certain kinds of metal accumulated in the algae
tissue passed to the shrimps when algae were used as
their majQr diet and more metals were found in fish fed
with these metal contaminated shrimps. However, some of
the metals like Mg and Zn) only accumulated by algae but
not passed on to the oth.er trophic organisms.
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The data in chapter 2 showed the influence of different
extraction methods, different extractant pH, different
sludge concentrations and the types of sludge on the
amount of nutrients and metals being released. In general,
the sludge extracts contained higher metal and nutrient
contents than the control (Bristol's medium) except the
phosphate and K contents. Autoclaving was the most vigorous
extracting method in recovering nutrients and metals from
the sludge. However, the excess metals and nitrogen content
presented in the extracts prepared by autoclaving limited
the utilization of these extracts. Data in chapter 3 con-
cerning the growth rates of the two algal species in
various sludge extracts proved that the autoclaving extract
was the least favourable medium for algal growth. Algal
cells cultivated in the extracts prepared by autoclaving
had the extraordinary high metal contents particularly e
and Mn. Homogenizing was the mildest method and resulted
in the lowest-amount of metals as well as nutrients in the
extracts. The low nutrient contents such as phosphate also
reduced the nutritive value of these extracts. The amount
of nutrient released by shaking was similar to Bristol's
medium with the metal level lower than autoclaving. The
growth rate and chemical composition of algae cultivated
in the extracts resulting from shaking and homogenizing
332
methods had similar and even superior growths than the
control.
The extractant pH also had some influence on the
amount of metals and nutrient released. The two extreme
pH (2 and 12) released a higher nutrient content than the
moderate pH, especially the contents of nitrogen. However,
the excess nitrogen limited the further usage of the
extracts. Chapter 3 showed that the growth of algal cells
was retardede a longer lag period and even cell lysis
appeared in the extracts prepared at pH 2 and 12. The
heavy metal contents being extracted were negatively corre-
lated to the extractant pH. Higher metal contents were
obtained when lower pH extractants were used. pH L+.5
and 7 had the maximum utilization values. These extracts
supported similar algal growth a:,ihe control. -Thus the
extracts obtained by autoclaving at extreme pH were unsuit-
able for further uses.
The data also showed that 2% activated sludge extracts
were more nutritive than the 6% extracts,as the former
contained a lower level of metals but sufficient nutrients
whereas the latter had an excess level of nitrogen and
heavy metals. 2% activated sludge extracts was more
favourable for algal growth than 6%. In contrast, 2%
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digested sludge extracts supported less algal growth than
6% because of its low phosphate content and so 2% digested
sludge extracts had no significant utilization value.
The nutrient requirements and the response to metals
of Chlamydomonas were different from Chlorella cells. For
instance, all the digested sludge extracts supported ex-
cellent growth of Chlorella than the Bristol's medium but
supported a lower Chlamydomonas growth than the control.
Each type of waste-grown algal cells had their own nutrient
and metal characteristics, depended on the composition of
the culture media and the growth condition of the algal
cells. The cells with a rapid and normal growth such as
those cultivated in extracts obtained by shaking at pH 4.5
and 7 had the final yield, tissue protein, carbohydrate,
chlorophyll and phosphate contents similar or even higher
than the control groups. Their protein contents were
higher than 60%. In general, the metal contents found in
the algal cells cultivated in the sludge extracts were
higher than the control group. The algae growing in
extracts prepared at pH 2 had the highest amount of metal
accumulated and the minimum accumulation was found in cells
cultivated in pH 12 extracts. Thus the algal growth can
be used as an biological assessments for the degree of
pollution or as an evaluation of heavy metal toxicity on
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living organisms,
Moreover, data found in chapter 3 showed that the
algae could be used as a purifying agent in the sewage
treatment processes because they could reduce the amount
of heavy metals present in the culture media. There was
a significant decrease in phosphate, nitrogen and metal
contents in the media but an increase in carbohydrate and
lipid contents after culture. The decrease was possibly
due to the uptake by the algal cells, Because algal
growth required certain organic and inorganic nutrients
and minerals. Algae also had the ability to concentrate
metals from media into their cells. The increase of macro-
molecules such as carbohydrate, protein and lipid content
was due to the extracellular excretion of the algal cells
during their growth.
Algal cells cultivated in the extracts obtained by
shaking and homogenizing had very high protein and carbo-
hydrate contents and would be suitable for further usages.
The nutritive value of the waste-grown algae was determined
by feeding the algae to carps and shrimps. Data in chapter
4 showed that waste-grown algal suspensions could support
continuous shrimp and carp growths though the growth rates
were lower than the control group. Different types of
algal cells had different abilities in supporting
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the amount of shrimp growth. Chlamydomonas had a higher
nutritive value than Chlorella in supporting shrimp growth.
As for rearing carps, Chlorella seemed to be more suitable
for carps than Chlamydomonas. Addition of sludge extracts
directly to the rearing tank had no harmful effects on the
normal growth of shrimp and carp. The comparatively high
metal and nutrient contents in the extracts were diluted
by the water. The algal-fed shrimps and shrimps fed with
the commerical diet supported a similar growth rate df
carps. The shrimps fed with Chlamydomonas were more nut-
ritive than those fed with Chlorella in terms of carp growth.
Therefore, the algae and algal.-fed shrimps rn be used as
the major foodstuffs for rearing carp and replace the
traditional expensive commerical fish food.
A gradual increase of. protein, carbohydrate, phosphate
and ash contents of shrimps during the culture period
were commonly found in all groups fed with various diets.
The final nutrient content of shrimps was-closely related
to the composition of their diets. Shrimps fed with algal
cells had significantly lower protein and lipid contents
than the control group, but their carbohydrate, ash and
moisture contents were similar to the control. Even though
the algae-fed shrimps had lower protein contents, the
growth curve of carps suggested that these shrimps still
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contained sufficient nutrients to support a normal carp
growth. The patterns of nutrient changes and the final
nutrient content of carps were also related to the diets
being used. In the groups fed with algae directly or
indirectly (through algal-fed shrimps), a gradual increase
of the nutrient content during the culture period was
found and the rate of increase was different from that
found in the control group. For instance, the increase
of protein contents in the group fed with Chlamydomonas
cells was much higher than the control. On the other
hand, the increase of phosphate contents of the control
group was higher than the other groups. Each nutrient
component seemed to have its special pattern in response
to the.composition of the diets being used. Furthermore,
the absolute values of the nutrient contents in carps
after 6 weeks were higher than the initial values and the
nutrient composition of the groups fed with various diets
had no significant difference from the control group.
This confirmed that the algae and shrimp could be used
as the major foodstuffs for growing fish..
The behaviour of various metals in different trophic
levels and their patterns of changes during the culture
period were affected by many factors: the kinds of metal
species, the growth condition of the organisms, the com-
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position of the diets and other environmental factors
such as water quality, temperature, relatively humidity
and pH. Na, Ca, Mn and Zn contents of shrimps fed with
metal contaminated diet such as waste-grown algae increased
gradually as the growth continued,•with the final con-
centration much higher than the control. Accumulation
of Na, Ca, Mn and Zn in shrimps fed Witch algae was also
observed. The gradual increase of K, Fe and Cu was only
found in the initial few culture days and reached to the
maximum values in between Day 8-12, followed by a sudden
drop. The final concentration was similar to the values
found in the control groups. This revealed that shrimps
had certain mechanisms to maintain a constant level of
K, Fe and Cu in their body and excess metals would be
eliminated. The changes of various metal contents in
carps fed with different diets were less complicated.
A gradual increase of metal contents occurred in the carps
which consumed algae and algal-fed shrimps with the final
concentrations much higher than the control. Bioaccumulation
of metals in fish fed by metal-contaminated diets was'
also common. The metal content fluctuated randomly in a
small range with no substantial increase in the final con-
centration. The amount of metal accumulated in the carps
fed with algae and those fed with shrimps were not exactly
the, same. The Fe concentration of carps fed by shrimps was
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even higher than those fed directly with algae. It
meant that shrimps could accumulate more Fe contents.
However, the concentration of Mg and Zn in carps fed
directly with algae was higher than that fed indirectly
with algae through shrimps. The intermediate trophic
organisms (shrimps) did not concentrate the metals and
even reduced the amount of metals passed on to the fish.
This confirmed that elimination as well as accumulation
process are the two possible mechanisms regulating the
transferance of metals in a simple food chain.
6.2 Further as-bects
In the present study, only three extraction methods
were examined in the laboratory. Large scale outdoor
operations should be performed. More extraction methods
such as continuous shaking or precipitation may also be
worth studying in the future. The extractant pH used in
this study ranged from 2-12. The extreme.pH yielded
extracts with little value in terms of biological utiliz-
ation. Therefore, moderate pH values between 4 and 10
may have more significant influence on the properties
of the resulted sludge extracts suitable for further
applications.Besides, using of other extracting reagent
such as ammonium acetate or mild acid may provide more
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suitable and nutritive extracts.
Sludge extracts have the ability to support the growth
of unicellular green algae such as Chlorella and Chla y-
domonas. Cultivation of other types of green algae with
a high nutritive value e. g. Scenedesmus, Euglena (Ludwig
et al., 1951) or Ulna (Wong and Leung, in press). Other
types of microorganisms such as bacteria and yeasts may
also fluorish in these extracts aiming at producing various
types of single cell protein from waste materials. it
may be possible to cultivate algae directly in the sewage
ponds or sludge settling ponds. This process may reduce
time, space and effort being spent in the operations of
sludge extraction and the establishment of new culture
tanks. The growth rate of the algae and their composition.
can be used as assessments of the water quality in the
sewage treatment ponds and-the efficiency of the treatment
processes, as the excess heavy metals or nitrogen contents
in the media retard the normal algal growth. It was also
been demonstrated' that algae had the ability of reducing
the metal and nutrient contents in the sludge-extracts.
So cultivation of algae in the sewage treatment pond may
also help to purify the sewage,
The present experiments also showed that the waste-
grown algae can be used as major foodstuffs for other
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aquatic organisms e.g. shrimps and fish. The metal con-
tents accumulated in the algae showed no immediate toxic
effects on these two organisms. It may be possible to
rear fish or shrimps directly in the culture tank of algae.
Another alternative is to cultivate algae in the fish ponds
which can serve as seeds to produce more algal food to
fish. Other studies had also revealed that algae can be
used to feed other organisms such as crustaceans other
than shrimps and fish. Daphnia (crustacean) (p'owgill , 1976)
and Brachionus (rotifers) (Hirayama and Nakamura, 1976
Scott and Baynes, 1978 Hirayama et al., 1979) are the
common inverterrates used as food for fish culture. They
also grow successfully if fed with sludge-grown algae.
Algae can also be used as supplementary feed for chicken
(Combs, 1952 Anon, 1977 Wong and Leung, in press), pigs,
sheep (Davis et al., 1975), rats (Krauss, 1962) or even
human beings (Powell et al., 1961). However, the utiliz-
ation of algae in this a-pie- t may be limit because of the
difficulties in algal harvesting, the amino acid deficiency
(Leveille et al., 1962) and also the high nucleic acid
content found in the algal products. The high nucleic
acid content will enhance the uric acid content and so
cause harmful effect on the renal systems of the organisms
ingested large amount of algae and yeast (Wasli en et al.,1970).
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Thus the future research may concentrate on the utiliz-
ation of algae in the aquatic ecosystem.
Further research is needed to quantify the passage
of metal through the food chain due to the fact that
both biomagnification and elimination processes has been
noted. In the present study, the food chain simulated only
involved three trophic levels (algae, shrimp and fish).
Therefore, the changes of metal contents in different
trophic levels may be oversimplified. Food chain models
which consist more trophic levels are needed for further
investigations in order to understand the behaviour of
metals in the natural ecosystem. The chronic effect of
the heavy metals involving in the food chain can only be
revealed by long term studies. The knowledge related
to the behaviour of metals, their rates of accumulation
related to the growth rates of organisms may provide
valuable informations on the prediction and prevention
of the long-term hazards in the future.
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Appendix 1
Bristol's medium (Starr, 1960)
Order of mixin conc. of stock sol. added to medium final conc.
Distilled H20 930 ml
NaNO3 12.5 g/500 ml H20 10 0.25 g/l
CaCl2.2H20 1.25 10 0,025
MgSO4.7H20 3.75 10 0,075
K2HPO4 3.75 10 0.075
KH2PO4 8.75
10 0.175
NaCl 1.25 10 0.025
Trace elements 100* 10
Tace elements(100)* Heat until dissolved:
demineralizaed water 940 ml
EDTA (acid form) 540 mg/1
FeCi3. 6H20 500 mg/1
CaCl2. 2H20 2.655 g/10 ml H20
MnCl2. 4H20
30 mg/10 ml H20
coCl2. 6H20 2 mg/10 H20
CusO4 1 mg/10 ml H20
ZnSo4 4 mg/10 ml H20
Na2Mo4.2H20 2 mg/10 ml H20
343
Appendix 2
Methods for analyzing sludge extracts' composition
2.1 pH value:-
determine by a pH meter.
2.2 Protein content (Lowry et al., 1951):-
Reagents':-
1, Standard bovine serum albumin in 0.1N NaOH (1 mg/ml).
2. Reagent A : 2% Na2CO3 : 1% CuSOk. 5H20 : sodium
potassium tartrate (100:1:1).
3. Folin-Ciocalteau reagent in distilled water (1 : 1
dilution),
Procedures:-
1. Place 0.2 ml samples or standard into the test tubes.
2. Add 2 ml reagent A, mix and stand 3-4 min. Then
add 0.2 ml Folin reagent, stand for 30 min.
3. Read O.D. at 750 nm, using a spectrophotometer.
2.3 Soluble carbohydrate Qontent (Dreywood., 1946):-
Reagents:-
1. Glucose stock solution (lml=0.25 mg glucose:
by dissolved 0.25 gm D-glucose in water and
diluted to 1 litre).
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Working standards:- 0 - 20 ml stock solution into
50 ml flask such that 2 ml of each standard will
give a range from 0-0.2 mg glucose. Dilute to volume.
2. Anthrone reagent :- add carefully 760 ml conc.
H2SO4 to 330 ml water in a boiling flask and keep
cool while mixing. Add 1 gm anthrone and 1 gm thio-
urea and dissolved using a magnetic stirrer. Transfer
to a dark bottle, store at 10C.
Procedures: -
1. Place 2 ml samples or standard to a test tube,
keep in ice.
2. Add 10 ml anthrone reagent rapidly and mix,
immerse the tube in ice bath.
3. Boiling for 10 min. in beaker of boiling water
in a darkened fume cupboard.
4. Place the tube in cold water and allow to cool
(perferably in dark).
5. Read O.D. at 625 nm using a spectrophotometer..
2.4 Lipid content (Charring method, Kritchevsky et al., 1973):-
Reagents:-
1. Standard solution :- prepare solution of olive
oil of 1 mg/ml and 25 mg/ml.
2. Concentrated sulfuric acid.
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Procedure:-
1. Place the sample containing.not more than 100 p-g
lipids (about 2 ml sludge extract) in a test
tube prewashed by CHC13. Dry the lipid sol-
ution under a stream of nitrogen.
2. Prepare standard curve of the range from 0 to
200 pg lipid from standard solution.
3. Pipette 2 ml . conc. sulfuric acid into each tube.
4. Put the tubes in boiling water for 20 min., cover
the tube with aluminium foil.
5. Cool the tubes by running water for about 1 min.
6. Place the tubes in ice bath for 5 min.
7. Add 3 ml of water to each tube and mix.
8. Let the tube stand in ice bath for 10 min and
then return to room temperature for another 15 min.
8. Read O.D. at 375 nm using a spectrophotometer.
2.5 Total nitrogen (Kjeldahl, 1883):-
Reagents:-
1. 40% NaOH
2. 2% Boric acid containing mixed indicator of
bromocresol green and methyl red.
3. 0.02N HCl standardized by borate.
Procedures:-
1. Transfer 2 ml of sludge extract to the reaction
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chamber of the Markham apparatus through the
trap funnel.
.2. Run in 2 ml of 40/ NaOH and pass steam through.
3. Collect the distillate in a receiver containing
10 ml 2% Boric acid indicator solution, until
the boric acid indicator turns to blue.
Li. Titrate the distillate with 0.02N HCl until the
color changes to red.
2.6 Available phosphate (Watanabe and Olsen,..1962) :-
Reagents:-
1. Phosphorus standard :- stock solution (1 mg-0.1 mg P),
dissolved 0.4393 g dry KH2P04 in water and
dilute to 1 litre. Working standard (lml=0.002 mg)
dilute the stock solution 50 times, make up
fresh at intervals.
2. Ammonium molybdate-suphuric acid reagent:- dissolve
25 gm (NH4) 6Mo7024. 4H 2 0 in about 200 ml water
in a beaker. Warm slightly to dissolve. Add
carefully (with mixing and cooling) 280 ml conc.
H2S04 to about 400 ml H20. Filter the molybdate
solution into the acid mixture, mix throughly
and make up to 1 litre when cool, store in dark.
3. Stannous chloride reagent :- SnC12 stock :- dissolve
10 gm of SnC12. 2H20 into 25 ml.conc. HC1, store
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in refrigerator. snCl2 working solution:-
dilute 1 ml snCl2 stock solution to 200 ml
with 1 N H2SO4 just before used.
Procedures:-
1. Pipette 0-15 ml working standard into 50 ml
volumetric flask to give a standard range from
0-0.03 mg P.
2. Pipette a suitable aliquot (normally up to
10 ml) of samlple solution into 50 ml voumetric
flask.
3. And water to about 2/3 full. Then add 2 ml
ammonum molybdate, mix.
4. And 2 ml SnCl2 solution, mix, dilute to volume.
5. Stand for 30 min. and read O.D at 700 nm
using a spectrophotometer.
2.7 Metal contents(Atomic a absorption spctrophotmetry):-
Detect the various elemens k, Na, Ca, Mg Mn, Fe,
Cu, Zn, Cr, Cd and pb by using an atiomic absorption
spectrophotometer (Model: Southern Shandon). The spec-
ific wavelength and condytion of each elements is
summarized as follows.
lement wavelegth C2H2 mA current slit burner height mode
k 766.5 2.5 0 3 0 E
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Element wavelength C2H2 mA current slit burer height mode
Na 589.0 2.0 0 1 0 E
Ca 422.8 3.0 10 1 4 A
Mg 285.2 3.0 10 2 4 A
Mn 279.5 2.5 15 0 4 A
Fe 248.3 2.5 15 1 4 A
Cu 324.7 2.5 15 2 4 A
Zn 213.9 3.0 15 2 4 A
Cr 357.9 4.2 15 1 3.5 A
Cd 228.0 2.5 10 2 4 A
pb






3.1 2-way analysis of variance:-
It is a powerful parametric statistical procedure
for testing whether more than 2 (k) independent samples
are significantly different from each other. The differences
or variability in sets of data can be-contributed by
certain causes or factors. In a 2-way analysis of
variance, 2 factors are considered at once by means of
a rectangular array in which the columns represent one
factor and the row represent the other factor. For
example, the rectangular array of observations might be
the yields of the three varieities of wheat, using four
different kinds of fertilizers. The 2-way analysis
of variance will enable us to test whether the variation
in our yield is caused by the different varieties of
wheat, different kinds of fertilizers, or differences
in both. The mathematic formulas for testing differences
are summarized as follows.
SST (total sum of squares) =
SSR ( row sum of squares)
SSC ( column sum of squares) =,
SSE ( error sum of squares) SST SSR SSG
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where i means the row, j means the column, r means
total number of row and c means total number of columns.
Xij means the jth response in the ith group.
T., means the total response of the whole group.
Ti. means the total response in the ith group.
T.j means the total response in the jth group.
After calculating the different sum of squares, the values
will enter the 2-way analysis of variance table for
computing the F'values. It can be summarized as the
following table.
Source of Sum of squares deEree of mean square computed F
variation ss freedom MS
row means SSR r-1
column means ssc C-1
error SSE (r-1 )( 1)
If the calculated F value (eg. Fr) is greater than the
critical value of the F distribution, then there is
a significant difference .in the observations is due to
the factor represented in the row. If the calculated
Fr is smaller than the critical F value , it means the
row factor has no significant effect on the variation
of those observations. Similar comparison was made for
the Fc value.
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3.2 Duncan's multiple-range test:-
As the analysis of variance only determine whether
significant difference occur among K*independent groups
and the means of each group are not all equal, we still
do not know which of the population means are equal and
which are different, several tests are available that
separate a set of a significantly different means into
subsets of homogeneous means. The test describes here
called Duncan's multiple-range test is a powerful test.
The mathematical formulas for the multiple range test
can be summarized as follows. The least significant
range for the p means R., is calculated as:-
where r p is the least significant studentized range,
depend on the desired level of significance and the
number of degree of freedom of the error mean square,
their values can be obtained by Tables of least signif-
icant studentized range. s2 is the error mean squares
in the analysis of variance. n is the total number of
observations.
Then the least significant ranges (R ) p are comrared
with the differences in ordered means of each group
(Xa - Xb). If the differences in ordered means are
greater than Rp, we can conclude that Xa is significantly
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greater than Xb. If (Xa - Xb) is smaller than RP,Xa
and Xb are not significantly different.
353
Appendix 1.
Methods for cultivating unicellular preen alae.
4.1 Bristol's medium:-
refer to Appendix 1.
4.2 Culture method:-
using 250 ml Erlenmeyer flasks as culture containers,
10 ml of Chlorella suspension (concentration = 6.5 x 107
cells per ml) and Chlamydomonas suspension (concentration =
7.x 106 cells per ml) are inoculated in 75 ml test media
respectively. The flasks are then placed in the growth
chambers for 13 days at 250C + 20C at a relatively
humidity of 70-80% with a 16 h light (2,500 lux)/8 h
dark cycle. The flasks are stirred twice daily to prevent
the precipitation of the algal cells and sufficient CO2
supply.
4.3 Cell number:-
The number of cells per mililitre is measured
every other day with a Neubauer counter.
4.4 Dry weight:-
The cell suspension are centrifuged with a Sorvall
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RC 2-B Automatic Refrigerated Centrifuge at 5,000 rpm
for 15 min. The suspensions are washed twice by distilled
water and followed by centrifugation. The washed cell
suspension are then transferred to a crucible and dried
at 1050C for constant weight. The amount of dry weight
is expressed as mg/ml of cells.
4.5 Chlorophyll content (Arnon, 1949):-
Reagents:-
1. methanol-chloroform mixture (2:1)
2. acetone
Procedures:-.
1. Centrifuge 10 ml cell suspensions for 15 min'
(400 . cpm) , wash for 3 times with distilled water
and discard the supernatant.
2. Add 1 ml methanol:chloroform mixture and break
the cell wall with a cyclomixer.
3. Add acetone to dissolve the chlorophyll.
4. Transfer and filter the solution into a 25 ml
volumetric flask *ith Whatman No.2 filter
paper, add acetone to the mark.
5. Read O.D. at 652 nm using the spectrophotometer.
O.D. x 25
The chlorophyll content (mg/ml)
54.5 x 10
54.5 is the specific absorption coefficient (Mackimmey, 1941 ).
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4.6 Protein (Lowry, 1951) and carbohydrate (Dreywood,1946):-
The algal cells are digested first before their
nutrients can be analyzed. 10ml cells suspension are
centrifuged for 15 min (400 cpm) and the supernatant
is discarded. The cell residues are then washed three
times with distilled water. 2 ml O.1N NaOH is added to
the washed cell residues. The test tubes are shaken
with cyclomixer and then boiled for 15 min in order to
break the cells. After breaking down the cells, 3 ml
of distilled water is added to the test tubes and then
centrifuges for 15 min (5,000 cpm). The supernatant is.
used for protein-and carbohydrate analysis. 0.1 ml
supernatant is used for- protein analysis, according to
the. method mentioned in Appendix 2.2. 2 ml supernatant
is used for carbohydrate determination (Appendix 2.3).
The amount of protein and carbohyrate content is ex-
pressed in terms of % based on dry weight of the cells.
4.7 Algal phosphate content (Watanabe and Olsen, 1962):-
refer to Appendix 2.6. The cells are first digested
by dry ashing method (Appendix 4.8).
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1. Centrifuge 10 - 30 ml cell suspensions for 15 min
(5,000 rpm),'wash for three times with distilled
water and discard the supernatant. The residues
are transferred to an acid-wash crucible with
known weight and dried at 105°C.
2. The oven-dried weight of the residues are measured.
3. Ignite the crucible with cell residues at 500°C
for 3 h in a muffle furnace.
4+. Allow-to cool and add 5 ml HC1.
5. Cover with a watched glass and heat on a steam
bath for 15 min.
6. Add 1 ml HNO3, evaporate to dryness and continuous
heating for one hour to dehydrate silica.
7. Add 1 ml 1+1 HC1,. swirl to dissolve the residues,
dilute to 10 ml with water and warm to complete
dissolution.
8. Filter through a Whatman 'No. 42 filter paper
into a 25 ml volumetric flask and dilute to
volume.
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The filtrate is suitable for the analysis of
tissue phosphate and metal contents.
4.9 Tissue metal contents:-
The various heavy metal contents in the algal cells
are analyzed by the method described in Appendix 2.7.
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Appendix 5
Methods for rearing aquatic organisms
Appendix 5.1
Serni-mass cultivation and harvesting of algae
5.1.1 Culture method:-
Chlorella pyrenoidosa (26) and Chiamydomonas rein-
hardii (4Y) were first grown in Bristol's medium and was-
kept under a 16/8 h light-dark cycle at room temperature
(25 ± 5,°C). After 2 weeks, the cells were transfered to
a vertical glass cylinder approximately 4.5 cm in diameter
and 100 cm in length. The cylinders contained either
Bristol's medium or sludge extracts. The cultures were
aerated constantly with a flow rate of air about 3 litres
per minute. The cultures were placed between two 40-
watt day-light fluorescent tubes at a distant about 4 cm.
The cultures were harvested for various analyses at 4-5
days after the'innoculation. The apparata and nutrients
for culutre were sterilized before use.
5.1.2 Harvest method:-
After 5 days, the algal, cells were harvested by the
following method, Approximately 1 litre of the algal
suspensions were spinned and centrifuged (Sorvall RC 2-B
Automatic Refrigerated Centrifuge at 5000 rpm) for 15 minutes.
The cells were then washed twice by distilled water followed
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by another centrifugation. Finally, cells were suspended
in about 100 ml distilled water. They were then kept in
the refrigerator as feeding materials.
Appendix 5.2
Methods for rearing shrimps
Plastic containers measuring 20 x 40 x 60 cm3 were
used as culture tanks. Twenty 2-2.5 cm long shrimps
were placed in each tank. Com-
pressed air was supplied to each tank via a diffuser
throughout the test. Pebbles and coarse sands were placed
At the bottom of the tanks to provide shelters for the
shrimps. Various foodstuffs including algae, sludge
extracts and the commerical diet (Table 4.1) were added
to'each tank twice a day (at the morning and evening).
The water level of each tank was checked and maintained
daily .
The growth rates of shrimps were determined by
measuring their body weights at L+-day intervals. In each
occassion, 2-3 shrimps were collected and stored in the




Nutrient contents of shrimps
5.3.1 Body weight:- _
At a Lb-day interval, 10-15 shrimps were caught
randomly and the average wet weight was recorded.
5.3.2 Digestion of shrimps' muscles:-
The muscles of shrimps were digested before analyz-
ing their nutrient contents. The digestion procedures
are summarized as follows (Allen et al., 1974):-
1. Place 0.5-1 g. samples of shrimp flesh in a test
tube.
2.. Add 2 ml 0.1N NaOH and mix.
3. Boil the test tubes for 30 minutes to digest all
the flesh.
k. Cool and add 8 ml distilled water.
5. The solution is then used for the determination
of protein, carbohydrate and phosphate contents.
5.3.3 Protein content (Lowry et al., 1951):-
Refer to ADDendix 2.2.
5.3.4 Carbohydrate content (Allen et al., 197k):-
Refer to Avoendix 2.3.
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5.3.5 Phosphate content (Watanabe and Olsen, 1962):-
Refer to Aerdix 2.6.
5.3.6 Lipid content (by ether extraction method):-
1.. Place the air-dried tissues in small crucible
with known weight.
2. Keep the crucible with tissues in an oven at 105°C
for 2 days.
3. Record the constant dry weight (WI).
L1. Add excess petroleum ether to the crucible
to extract the ether-soluble lipid.
5. Remove-the petroleumr. ether after an extraction
of 24 hours.
6. Repeat step 4 and 5 for 2-3 times.
7. The crucible is then kept in the oven at 105°C
again and dried for another 2 days.
8. Final oven dried weight (W2) is measured which
represents the lipid-free weight.
The lipid content is then calculated by the formula:-
5.3.5 Moisture content:-
1. Place the tissue in a crucible with known weight W.
2. Record the weight of the air-dried tissue and
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crucible as WI.
3. Keep the crucible in oven at 1050C and dry
for 2 days.
L1. Measure the constant weight as W2.
The moisture content is expressed by the % of water
loss in the samples:-
5.3.6 Ash content (Allen et al., 1974):-
1. Repeat the procedure mentioned in Appendix 5.3.5.
2. The oven-dried tissue and crucible are then
ignited at..500°C for 8 h. in a muffle furnace.
3. The weight of crucible and ash after ignition
are measured as W3.
The ash content (%) is calculated by the following
formula:-
Appendix 5.1
Methods for rearing fish
Plastic containers measuring 20x4Ox6O cm) were used
as culture tanks. Twenty 3 cm long Cyprinus carpio L.
were placed in each.tank. Compressed air was supplied
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to each tank via diffusers throughout the test. Various
foodstuffs (including algae, sludge extracts, flesh of
shrimps and commerical fish diet, Table 4.2) were provided
and the water level of each tank were checked and main-
tained daily.
The growth rate of the carp was determined by measur-
ing. the body weight at 5-day intervals. At each interval,
2-3 fish were. collected and stored in the freezer for
the analyses of nutrient and metal contents.
Appendix 5.5
Nutrient contents of fish
Refer to Appendix 5.3.
Appendix 5.6
Statistical analyses
5.6.1 One-way analysis of variance:-
This statistical test was similar to the 2-way
analysis of variance (Appendix 3.1). In this test, only
one criterion which might cause significantly difference
in the observations was considered. It can be used to
test whether 2 or more groups were significantly different
from each other due to the particular criterion being
364
considered. For instance, it can be used to test whether
the protein contents of different groups fed by different
foodstuffs were significantly different or not.
The mathematical formula can be summarized as follows:-
SST (total sum of squares) _
SSC (sum squares for column means)
SSE (error sum of squares) = SST -- SSC
The symbols used here represented the same meanings
as Appendix 3.1.
The computations in analysis of variance are usually
summarized in tabular forms:-
Source of Mean squareSum of
computed F




If the calculated Fc values were greater than the cri-
tical F values found in the F distribution table, then
there is a significant difference in the observations
due to the factor represented in the column.
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5.6.2 Duncan's multiple range test:-
Refer to Appendix 2.2.
Appendix 6
Analysis of metal contents in the muscles of aquatic organisms
6.1 Digestion of the tissue (Allen et al., 1974):-
1. Weight approximately 0.1-0.5 g. of air-dried tissue
into an acid-washed crucible.
2. Ignite to 5006C for 8 h. in a muffle furnace.
3. Allow to cool and add 5 ml conc. HCl.
4. Cover with a watch glass and heat on a steam
bath for 15 minutes.
5. Add 1 ml HNO3 and evaporate to dryness and continue
heating for 1 h. to dehydrate silica.
6. Add 1 ml 1+1 HCl, swirl to dissolve the residue,
dilute to 10 ml with water and warm to complete
dissolution.
7. Filter through a Whatman No. 42 filter paper
into a 25 ml volumetric flask and dilute to volume
with distilled water.
6.2 Tissue metal contents (Atomic absorption spectrophotometer):-
Refer to Appendix 2.7.
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